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1. Introduction

This report provides a summary of a small, experimental workshop held at
Arizona State University in November 2016. The workshop was the second
in a series of interdisciplinary meetings connected to Engineering Life, a
five-year research project funded by the European Research Council and
led by Jane Calvert at the University of Edinburgh. The Engineering Life
project aims to develop a deeper understanding of the relationships
between biology and engineering in synthetic biology, through an
exploration of the field’s ideas, practices, policies and promises. In this
workshop, we delved into the idea of the ‘workflow’ as a way of exploring
practices underway in synthetic biology.
Workflows are a schematic representation of sequential work pro‐
cesses, with historical roots in organizational management approaches de‐
veloped in the early twentieth century. This tool of process efficiency has
entered synthetic biology, as practitioners in the field work to refashion
traditional molecular biology bench work into increasingly streamlined
engineering processes. A classic example of an engineering workflow be‐
ing brought into synthetic biology is the design cycle: a recursive loop of
“design,” “build,” “test” (and sometimes “learn”) that often features in syn‐
thetic biologists’ publications and presentations, and is a key symbol in
signaling an engineering approach to biology. The design cycle, however,
provides a highly abstracted overview of practice. Our workshop aimed to
reveal and explore the everyday practices of synthetic biology work with
more granularity. To this end, we introduced the idea of workflows as an
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open-ended prompt to explore how the day-to-day work of biological engi‐
neering is being configured.
Over the course of a day, synthetic biology practitioners from academia,
industry, and national labs worked alongside social scientists to map out
and explore the nature of workflows being developed in their laboratories
and facilities. The structure of the workshop alternated between plenary
discussion and two sessions of small-group work. Each small group com‐
prised two synthetic biologists and two or three social scientists and/or
policy analysts. Prior to the workshop, synthetic biology practitioners
were given an open-ended prompt to think of an example workflow in
their lab or facility to describe and map during the workshop. The first
small group session focused on creating a visual representation of this
workflow, with input and questioning from the rest of the group. Groups
had whiteboards, flip charts, Post-it notes, markers and stickers at their
disposal. In some groups, the two workflows were constructed one at a
time; in others, they were constructed in parallel. The morning smallgroup session focused on sketching out workflows, and the afternoon ses‐
sion on troubleshooting and ‘debugging’ the workflows produced in the
morning.
We chose not to define the scope or nature of a workflow up-front, but
rather allowed participants to choose and define workflows in ways mean‐
ingful to their practices. We used the ensuing maps to start exploring sim‐
ilarities and differences emerging across workflows in different
institutional contexts, to ask whether common modes of failure and suc‐
cess could be identified, and more generally to think about the relationship
between biology and engineering in synthetic biology.
We organize key findings from this workshop around a small set of core
themes that emerged from the workflow mapping activities and discus‐
sions:
•
•
•
•
•

diversity and complexity in workflows
values embedded in workflows
failure and rationality in workflows
bringing engineering workflows to biology
workflow mapping as a tool for reflection

The workshop was held under Chatham House rules to foster open
discussion, and quotations in this report are not attributed directly to
individuals.
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2. Key themes from workflow mapping

2.1. Diversity and complexity in workflows
Small groups each mapped a pair of
workflows. The notion of “workflow”
proved a flexible prompt that generated
considerable diversity across the maps
produced by participants: maps centered
on different levels of abstraction; were
situated in different institutional contexts;
and focused on different scales and end
goals. As visible in the photos, the
workflows mapped during the workshop
were complex, branching, multifaceted,
and conditional representations of work
processes.
Workflows produced ranged from the
timescale of hours and days up to twenty
years. Some encompassed an entire design
cycle of “design, build, and test”, while oth‐
ers focused on discrete parts of a larger de‐
sign cycle (for example, a single, qualitycontrol step within the “build” stage of a
pipeline). Several participants from

academia mentioned that, while they fre‐
quently referenced the high-level design
cycle, this was their first time conceptualiz‐
ing their own work in terms of a workflow.
Institutional differences between academia
and industry
A distinct pattern emerging across the
workflows was the difference between
those grounded in academic versus
industry settings. Academic scientists
tended to center their workflows around a
single research project, in an attempt to
work through conceptual questions about
how to manage the project effectively. The
choice of project-centered workflows
reflects the way in which most academic
labs are structured. The time span for these
academic workflows ranged from 2-3 weeks
to multiple years. During discussion, both
synthetic biology practitioners and social
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scientists probed whether it was realistic to
think of long-term projects in terms of a
workflow. A five-year workflow, much less
a twenty-year workflow, clearly limits the
number of times the process can be
repeated and refined.
Academic laboratories coordinate work
among different people (principal investi‐
gators, graduate students, postdocs, techni‐
cians, undergraduates), but it is common to
divide this work up by project rather than
process, giving individuals ownership or
responsibility for different projects or for
parts of projects that can be run relatively
independently. This practice is linked to ex‐
isting norms around funding, training and
publishing in academic contexts. As a re‐
sult, there may not be quite the same de‐
mand for reliable transfer or hand-off of
information and samples that exists in in‐
dustry settings, where work practices are
more oriented around process than project.
In industry, it is typical for a greater num‐
ber of individuals, specializing in different
processes, to be involved in a single project.
This means that coordination among peo‐
ple and processes takes on a more central
role. Furthermore, the academic scientists
noted, there are incentives for academics to
prevent their work from becoming too
transparent and easily reproducible, par‐
ticularly prior to publication. In this re‐
spect, opaque work practices offer some
protection of an individual’s expertise and
academic value.
Nonetheless, the academics in atten‐
dance expressed that they could make their
work amenable to workflow mapping, and
that this format brought to light aspects of
their projects they had not thought of be‐
fore. There is a generic need to establish
some structure or flow of work in order to
manage projects, even if this style of
project management is not normally la‐
beled a workflow. Without approaching
work processes in a systematic, repro‐
ducible way, they pointed out, it would be
difficult to produce useful data. There was

discussion of workflows operating at the
“single-person scale” still being useful and
important ways to generate reliable knowl‐
edge. The workflow framing prompted aca‐
demic researchers to think about their
laboratories in terms of high-level inputs,
outputs, and process efficiency – for exam‐
ple, in terms of trained students, publica‐
tions, and grant cycles.
Mapping
workflows was seen to be a stimulating ex‐
ercise by the academic synthetic biologists
at the workshop, but, in contrast to indus‐
try workflows, the resulting workflows
proved less immediately comparable with
one other.
For industry representatives on the
other hand, workflows proved helpful not
just for generating discussion but for di‐
rectly comparing practices. Industry prac‐
titioners were more accustomed to
thinking through tasks and lab operations
in the format of workflows. Rather than
orienting work practices around discrete
projects, as in the academic setting, indus‐
try work is typically more focused on con‐
ceptualizing work in terms of process. One
workshop group with two industry repre‐
sentatives was able to simultaneously map
their respective processes for DNA se‐
quencing quality control that, nominally,
looked as if they were the same process. Yet
while the individual steps were almost
identical, the process of mapping revealed
several details that were actually quite
different. Probing and exploring these
differences led to reflections on how differ‐
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ent values and long-term goals inflected,
and could be observed in, these technical
processes (see Section 2.2).
Furthermore, a substantial amount of
local “know-how,” highly particular to each
unit, sat behind what on the surface seemed
like straightforward lab procedures. For ex‐
ample, a procedure that relied on growing
E. coli (a sensitive host microbe, prone to
stagnate in growth) had to be performed
with more care, attention, and flexible
working hours than similar procedures
with yeast (a more resilient host). Addition‐
ally, technicians would match specific pro‐
cedures with different automatic liquid
handlers, depending on the idiosyncratic
patterns in which each liquid handler
tended to clog. The result of all this was that
the same overall process (DNA sequencing)
in two different industry laboratories

looked surprisingly different once the de‐
tailed workflows had been reconstructed
side-by-side, such that a technician from
one of these companies would still need a
substantial amount of training before they
could perform the same process at another
company.
In summary, the industry workflows
mapped out during this workshop were
more immediately comparable than those
in academia. This reflects the observation
that academic synthetic biology labs tend to
be more centered around individual
projects while industry work is more
process-based. The workflow mapping ex‐
ercise proved productive for practitioners
in both contexts, allowing academics to re‐
flect on their work at more abstract levels,
and industrial scientists to pursue more
granular comparisons.

2.2. Values embedded in workflows
The process of mapping workflows, and
interrogating the reasoning behind them,
led to discussion around the values that
underwrite particular workflows. The very
notion of a workflow is a value-laden
concept; in their closing remarks, one
participant described workflows as
“morality tales of efficiency.” This was both
a playful and a critical take on the
underlying values motivating workflow
development. To illustrate this point, they
juxtaposed workflows against other

possible ways of representing or
accounting for work: “there are lots of
different ways to present the work that goes
on in a lab… what if we'd written the story
of [project X]? Or what if we'd written the
legend? Or what if we'd written the
comedy?”
If workflows are indeed morality tales of
efficiency, there are still many ways in
which a process can be deemed ‘efficient.’
This issue was nicely highlighted by the
side-by-side quality-control workflows that
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were mapped out for two different
synthetic biology companies (see Section
2.1). As mentioned above, these quality
control operations were performed in
different ways. Importantly, some of these
differences could be traced to distinct
underlying company strategies. For
example, one quality control pipeline was
being built to emphasize flexibility (to
accommodate a greater number of
potential customers and their needs), while
the other adapted the same process to
increase scalability (to create gains in
economies of scale for a much smaller
customer base). Efficiency was a central
value for both of these processes, but it was
conceptualized differently and geared
towards different goals. Participants
similarly pointed to the ways in which a
workflow might direct a project design to
“fewer, better experiments, or more,
random search experiments.” While these
examples draw out relatively minor
distinctions, they are reminders that the
broad concept of efficiency can encompass
variety of values and goals. The structure of
a workflow can also be amenable to other
values entirely; for example, objectives
including quality or reproducibility could

conceivably
motivate
workflow
development, as could more radically
different values (e.g. waste minimization,
sustainability, social justice).
In the plenary discussion, another par‐
ticipant raised the question of which as‐
pects of work process are emphasized and
minimized in workflow representations:
“what is made in invisible in a workflow?
What damage do we do? What do we hide?
What do we conceal? What do we leave
out?”
Workflows are, notably, a representation
of work that typically renders invisible the
people performing that work. They are a
tool that emerged from manufacturing and
industrial engineering, and the concept
carries with it an emphasis on the produc‐
tion of consumer goods at ever-increasing
scales and speeds. Workflows in this setting
were meant to increase efficiency by break‐
ing down complicated procedures into
deskilled, easily reproducible steps in
which people are readily interchangeable.
While the presence of a workflow suggests
that work has been deskilled and simpli‐
fied, reflections in the plenary discussion
suggested that this was not yet the case in
synthetic biology. There were multiple
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mentions of work in bioengineering being
more skilled than initially presumed, or
than it appeared from afar. Sometimes this
was attributed to the nascence of the field
(with an assumption that procedures would
become more efficient and work would be‐
come increasingly deskilled over time), or
to the nature of biology (one participant
joked, “I think people compensate for a lack
of 100% understanding of biology with a
little bit of magic, like rub the cat’s head be‐
fore you load the thermal cycler”). But re‐
gardless of the cause, or whether this is a

temporary or permanent condition of the
field, a wide range of biological, mechani‐
cal, and computational knowledge and
skills were still seen as necessary within
the operation of standardized workflows.
One industry participant noted the struggle
in their workplace of trying to identify how
much context an operator needs for a given
project – noting they were “working to‐
wards the ability to work blindly,” but that
at present the development of the processes
required “smart people…that do have that
context.”

2.3. Failure and rationality in workflows
The afternoon group work focused on
troubleshooting, or “debugging” the
workflows generated in the morning. This
exercise helped to identify some common
modes of failure across workflows
developed at different scales and in
different institutional contexts.
Zombie processes
One element that featured on multiple
maps and was raised several times in
discussion was the “zombie process.” This
idea emerged during one group’s morning

mapping exercise, and gained momentum
in subsequent discussions. This idea refers
to a part of a work process without a clear
purpose; zombie processes likely had a
purpose at an earlier stage of development,
but
through
iterative
workflow
improvements this purpose had become
increasingly
opaque
or
indeed
unnecessary. Zombie processes add an
interesting nuance to notions of the
rational within the rationalized work
processes of workflows.
The presence of zombie processes on
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multiple workflow maps led participants to
discuss what rationality means in the do‐
main of biological engineering. In synthetic
biology, workflows are ideally improved in
a recursive mode, where successive cycles
of designing, building, and testing lead to
new knowledge about the process and sub‐
sequent improvements to the workflow. But
this flexibility and continuous improve‐
ment also means that sometimes old opera‐
tions lose their initial purpose while still
being kept in a work process. As one partic‐
ipant noted, it is important “knowing when
it’s ok to accumulate technical debt because
it’s not worth rewriting,” and more gener‐
ally, “just because you can work on a bug or
ghost doesn’t mean that you should.” In
other words, sometimes it was more ratio‐
nal to retain seemingly irrational elements
of a workflow.
One might also choose not to remove a
zombie process from a workflow because of
practical considerations about division of
labor and limited resources: “because
maybe somebody else is fixing the same
thing and you better just wait for them to
fix it and then you can focus on what you’re
really good at that no one else is going to
fix.” Given that processes can never be per‐
fect, practitioners explained that some‐
times leaving a zombie process in a
workflow was more efficient than scrap‐
ping and rebuilding it. Participants also dis‐
cussed the ways zombie processes might be
understood as a “social thing” leaking into
engineering rationales, benign enough to
be allowed to persist because “that’s some‐
body’s pride and joy,” an operation they had
initially worked hard to develop. In this re‐
spect, zombies were not necessarily identi‐
fied as a problem; while they were a sore
point, they might not be seen as a priority to
fix.
Common roadblocks and disruptions
Some similarities emerged in the modes of
failure across academic workflows.

Multiple academic workflows highlighted
“securing funding” as one of their most
troublesome bugs. The timing of funding
cycles was also a major structuring element
in multiple academic workflows. Another
bug, or roadblock, discussed was that the
ambition to automate work processes has
not come to fruition in many labs. There is
a general belief that, going forward,
automation
will
improve
current
capabilities of labs to do synthetic biology
work. The significant time and resources
that it takes to build automation, however,
causes temporary disruption to the
practices and outputs of a lab. While
industry settings had more flexible outputs
and received significant amounts of capital
and funding to build out these capabilities,
this kind of slow-down was less feasible in
established academic laboratories that
needed to churn students and publications
out at a regular pace. Both academic and
industry workflows noted key challenges
around workforce training and turnover.
For industry workflows that had been
successfully automated, many bugs were
connected to unpredictable modes of fail‐
ure that disrupted processes. While these
regular disruptions might sometimes be
the result of biological organisms behaving
in unpredictable ways, equipment and soft‐
ware failures were just as often cited as the
cause of problems. As one social scientist
noted, “There was a moment during our de‐
bugging process where one or both of you
said something about, ‘and then there's the
yeast.’ Because sometimes it does things
you don't expect it to do. But what was
striking about that is that you had said
something very similar about the machines
involved. Like sometimes they don't do
what you expect them to do.” While we
often think about the biological as the main
source of unpredictability, in the work‐
flows described by our workshop partici‐
pants they also frequently came from
mechanical sources.

10

“Band aids” for bugs
“Band aids” became an improvised prompt
used during the workshop to extend the
debugging exercise. Band aids were
presented as remedies to bugs, understood
in some sense as partial or incomplete
workarounds. The two workflows that
mapped industrial DNA sequencing had
bugs listed over several problematic steps
in their complicated pipelines. The band
aids used to remedy these bugs often
revealed hidden expertise. One band aid,
for example, involved a practice of
arranging operators in pairs of an expert
and a novice, to help transfer the embodied

knowledge and skill that it takes to successfully operate a workflow. (The hope was
that one day, the work would be sufficiently
deskilled to allow for more straightforward
training processes.) Another example of a
band aid was a practice of calling upon a
trio of biology, hardware, and software ex‐
perts (referred to as “guardian angels”) to
troubleshoot through particularly prob‐
lematic steps in the workflow. Band aids
were a helpful tool for probing common
failure modes and practices, as well as the
underlying logic of what kinds of solutions
and approaches count as legitimate within
the synthetic biology vision.

2.4. Bringing engineering workflows to biology
While workflows exist as a regulative ideal
to streamline a process, the complexity of
the workflows produced during the
workshop
revealed
processes
with
contingencies and messiness. This led to
multiple
discussions
about
the
longstanding question of whether applying
engineering principles to biology is
inherently different than for other kinds of
engineering. The focus of these discussions

was not on identifying in a vitalist sense
whether biology was fundamentally
different from other engineerable systems
(to which at least the scientists and
engineers in the room seemed to err on the
side of ‘no’), but rather on identifying
issues and ideas that characterize the state
of biology and biological engineering
research today.
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Is engineering biology a different kind of
engineering?
Participants discussed the ways in which
living substrates are different from nonliving substrates, and how this distinction
affects the practices of engineering biology.
Living matter has distinctive qualities of
variability and temporality, discussed by
scientists using terms such as “strain
stability,” “evolutionary change,” and
“replication.” Scientists drew on key
objects from other engineering disciplines
to emphasize the consequences of these
qualities in practice. Engineering biology is
like making “a spaceship that keeps
changing,” or “making steel by copying
some steel and then letting it copy itself for
a while… that imperfect copy-paste aspect.”
Another participant emphasized the
temporal dimensions of biology as critical
to planning workflows: “like if you want to
build a car, you have your materials, and
you’ve got a car. You don’t have to wait for
your cars to get to 70% confluence.”
Impermanence was seen by participants to
have important impact on the practices of
engineering biology.
Some participants talked about the de‐
gree of uncertainty being different in engi‐
neering biology: “I think the difference is
that in biology you know you don’t know
100%. So you know the best you can get is
80% or whatever. Like that is the goal.” One
implication of this uncertainty was that it
might simply result in the need for more
tests. Another implication was that with
higher degrees of uncertainty, risk should

be treated differently. One participant sug‐
gested that synthetic biology might benefit
from looking to other disciplines that dealt
with emergent phenomena in complex sys‐
tems, questioning whether synthetic biol‐
ogy poses challenges of a fundamentally
different nature.
In discussion, synthetic biology was
characterized as a field operating without
first principles, with the work of engineer‐
ing needing to be built around partial
knowledges, analogous reasoning, and ap‐
proximations. Aircraft engineering was
held up as an example of outstanding tech‐
nological development achieved without
full understanding of first principles. Fur‐
thermore, synthetic biology practitioners
do not currently have sophisticated tools
for measuring what happens inside cells,
and engineers trying to work with living
organisms cannot predict with mathemati‐
cal certainty elements like variation and
evolutionary change. These limitations
caused many participants to describe the
biological sciences as still in early stages of
development, or as one participant put it,
its “dark ages.” The idea of dark ages im‐
plies of a future of enlightenment. Some of
the discussion centered around predictions
of a future in which cellular processes were
‘better’ characterized, and would thus pre‐
sumably be more amenable to forwardengineering (although it should be noted
that what can and should be characterized
is a subject of ongoing debate within the
synthetic biology community more
broadly). This prediction was underpinned
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by a sense that currently obscure features
of living systems were ultimately knowable
and mathematically reducible phenomena.
Implications for culture and practice
Workshop participants were largely
familiar with the idea of tacit knowledge
and emphasized that this type of
knowledge was still especially important in
engineering biology, when there is less
certainty around biological properties than
physical or chemical properties of more
conventional engineering materials. One
synthetic biologist acknowledged that even
within standardized and scaled processes,
“not everything is write down-able.” In
response, another practitioner questioned,
“to what extent should we be accepting that
as a community?” This led to a lively
conversation about different possible
sources of variability in workflows, and the
need to think carefully about where to
invest effort in controlling and/or
optimizing work processes.
In addition to knowledge about living
systems, participants also discussed ways
of sharing knowledge among practitioners
in a field and teaching new members.
Training and education needs were recog‐
nized as distinct from other engineering
disciplines, perhaps with some future con‐
vergence with more traditional engineer‐
ing practices. Most of the scientists in the
room, for example, had been trained in
more traditional molecular biology lab
practices and had learned through their
PhDs to operate as artisanal, individual re‐
searchers. Through their careers, however,
they were having to learn new modes of re‐
search and new cultural norms that came
along with those knowledge practices. One
scientist joked in discussing this transition:
“biologists are artists and there’s no way we
can be constrained to control charts.” The
future of biological engineering is deeply
intertwined with questions of culture and
identity.

Changes in the division of labor accom‐
panying workflow development were also
identified as closely connected with ques‐
tions of trust. Participants discussed how
workflows often lead to specialization and
delegation of discrete tasks to different
groups or individuals. With such division
of labor, knowledge of the means of pro‐
duction can be taken away from scientists.
For example, whereas before a scientist
might have made their own culture media
or DNA constructs, now they might use ma‐
terials without background knowledge and,
in the absence of this knowledge, need to
store faith in the producers. “Giving up con‐
trol” was identified as a critical barrier to
the widespread adoption of standardized
workflows in both academic labs and indus‐
try start-ups, particularly for practitioners
trained in biological disciplines. One par‐
ticipant pointed out that these fears are not
necessarily irrational: “One way of looking
at the observation that people don’t trust
other people to make their media is that ev‐
eryone is crazy and they’re irrational. And
the other explanation is that they got
burned bad in the past because they trusted
someone else to do it and they screwed it up
and they lost months of work. So generally
people have a good reason why.” Workflows
as a mode of representing work practices
do not tend to capture these kinds of cul‐
tural features of a community, yet these are
critical issues to account for in the push to
develop increasingly routinized bioengi‐
neering practices.
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2.5. Workflow mapping as a tool for reflection
Overall feedback about the workflow
mapping exercise was positive. Synthetic
biology
practitioners
noted
they
specifically found value in collaborative
nature of the mapping: “the process of
having to map it out, and also the challenge
of having other people as you’re mapping it
out.” Others said the novelty of the exercise
made workflow maps a helpful tool for
critical reflection on current practices in
synthetic biology. This was true both for
academic scientists, many of whom
reported this was their first time framing
their work in terms of a workflow, and for
industry scientists, who frequently
engaged with the tool, but still found
previously tacit knowledge made explicit in
the process of mapping with probing by
social scientists. The exercise brought to
the surface not only processes but opened

up to examination the rationale and
decisions behind those processes.
Social scientists also described the exer‐
cise as a helpful to for their own inquiry
into synthetic biology. The format of a
jointly constructed workflow map brought
to light the logic of practices that would be
difficult for a synthetic biologist to recall,
much less communicate, in an interview or
conversation, and that would take time for
social scientist to piece together through
disjointed participant-observation periods
in the lab. Mapping out pairs of workflows
was also noted as a generative format for
reflection for both scientists and social sci‐
entists. The parallel approach to workflow
mapping prompted comparing and con‐
trasting, bringing an additional layer of re‐
flection back into the discussion of
individual workflows.
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3. Next steps
The ideas and discussions emerging from this workshop suggest that
workflow mapping can be a generative tool for collaborative inquiry.
Notably, it is an approach that allows interdisciplinary inquiry and
collective probing of present (rather than future-oriented) practices. It
also offers a means of describing work that can bridge discussions focused
on individual projects or particular technology platforms with
conversations regarding broader ambitions for the field of synthetic
biology. Since the workshop, several participants have reported that they
have made changes to their practices as a result of participating in the
workflow mapping exercise. Similarly, social scientist participants were
able to gain insights into the organization of synthetic biology practices
across a variety of institutions and initiatives.
With the short timescale of the workflow mapping exercises during this
workshop, and the institutional diversity of the participants, many of the
reflections generated during the workshop were still at a relatively high
level of abstraction regarding day-to-day practices. Next steps for our
workflow mapping efforts include longer sessions with practitioners at
their home institutions to detail and probe individual workflows in greater
depth, with the aim of identifying whether these might generate richer
and more detailed information about work practices, and offer greater op‐
portunities to spark measurable changes in work practices and organiza‐
tional strategies.
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4. Workshop program

8.00–9.00 am

Breakfast and registration

9.00–9.15 am

Introduction to the workshop

9.15–10.00 am

Participant introductions

10.00–10.15 am

Break

10.15–10.30 am

Introduction to Challenge #1

10.30–12.00 pm

Challenge #1: Mapping synthetic biology workflows

12.00–12.30 pm

Group de-brief

12.30–1.30 pm

Lunch

1.30–2.30 pm

Challenge #2: Workflow debugging

2.30–3.00 pm

Group de-brief

3.00–3.30 pm

Break

3.30–4.30 pm

Roundtable discussion

4.30–5.00 pm

Final reflections
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