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ABSTRACT 
Rural infrastructure is known to be more prone to breakdown than 
urban infrastructure. This paper explores how the fragility of rural 
infrastructure is reproduced through the process of engineering 
design. Building on values in design, we examine how eventual 
use is anticipated by engineering researchers building on emerging 
infrastructure for digital agriculture (DA). Our approach combines 
critically refective technical systems-building with interviews with 
other practitioners to understand and address moments early in the 
design process where the eventual efects of DA systems may be be-
ing built-in. Our fndings contrast researchers’ visions of seamless 
farming technologies with the seamful realities of their work to pro-
duce them. We trace how, when anticipating future use, the seams 
that researchers themselves experience disappear, other seams are 
hidden from view by institutional support, and seams end users 
may face are too distant to be in sight. We develop suggestions for 
the design of these technologies grounded in a more artful manage-
ment of seamfulness and seamlessness during the process of design 
and development. 

CCS CONCEPTS 
• Social and professional topics → Socio-technical systems; 
• Human-centered computing → Field studies. 
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1 INTRODUCTION 
This paper addresses issues that arise in infrastructure development 
for rural contexts. Compared to urban infrastructure, infrastructure 
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in rural contexts tends to be simultaneously less robust and at a 
lower priority for repair [15, 39]. This occurs because infrastruc-
tures are often designed and governed from more urban centers in 
ways poorly suited to rural specifcities [58, 107]. Here, we examine 
how these issues are anticipated in the early process of building 
new infrastructure for rural regions. Our goal, following from work 
on values in design, is to identify and address moments early in the 
design process where these eventual efects of new infrastructure 
may be being unintentionally built in. 

Specifcally, we look at the early development of new infrastruc-
ture to support digital agriculture [65, 96]. These infrastructures are 
understood as on the cusp of enabling a major transformation in 
the agriculture industry [8]. We present a study of researchers and 
practitioners, collectively referred to as lead developers, who are 
building on emerging infrastructure to adopt and adapt new digital 
farming technologies before they are ready for open-market con-
sumption. The question we address in this paper is how these lead 
developers are imagining and orienting towards how their technolo-
gies will be eventually used on rural farms, and what consequences 
that orientation will have for the fragility of rural infrastructure. 

Our study has two components. First, drawing on critical techni-
cal practice [2, 3] and informed by autobiographical design meth-
ods [72], we spent 24 months deploying experimental DA tech-
nologies in lab settings and on research farms in the Northeastern 
US, while documenting our own everyday experiences with get-
ting the technology to work. Second, building on our experiences, 
we conducted an interview study with six colleagues who are in-
volved in related early-stage eforts to deploy and build applications 
overlaying similar technologies. 

The core argument we will make in this paper is that even when, 
as in our case, engineering researchers have the direct aim to design 
robust technologies that address the known challenges of rural 
networking, institutional and disciplinary barriers make it difcult 
to efectively anticipate and address challenges that will arise in the 
eventual use context. These barriers produce faith in an eventual 
seamlessness of the technology for end users, even in the face of 
the many material challenges that engineers themselves encounter 
in the development of experimental systems. Specifcally, we fnd 
that many of the infrastructural seams experienced by engineers 
disappear in the pivot to creating research results, other seams are 
hidden by institutional support, and yet other seams that will exist 
in rural contexts are structurally invisible to researchers during the 
process of developing these early systems. 
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This analysis demonstrates one way in which the fragility of 
rural infrastructure is reproduced through the very process of en-
gineering design: by creating an illusion of eventual seamlessness. 
Unanticipated seams matter because, if not caught and addressed, 
they render the expected competitive benefts of digital agriculture 
structurally uneven. Competitive advantage will accrue more sig-
nifcantly to large farms which maintain their own infrastructure 
and to outside frms who are able to gain control over data and/or 
the technology used to generate it, than to smaller farmers and 
other stakeholders who might seek to harness this technology in 
a more decentralized fashion. We suggest specifc changes to the 
processes of developing DA that can address the seamful challenges 
identifed in this research. 

2 MOTIVATION AND RELATED WORK 
Social scientists have found that rural infrastructure tends to be less 
built out, more prone to breakdown, and less likely to be repaired 
than urban infrastructure [15, 51, 52]. Technologies, standards and 
regulations that shape infrastructure are often developed by urban 
centers and map poorly to rural specifcities [4, 107]. For example, 
because of scale issues, infrastructures are often designed for urban 
centers, with rural customers an afterthought [58]. Because of this 
lack of attention, rural electricity, telephone, and roads were often 
established in the US by farmers themselves and their cooperatives, 
rather than provided as end goods by companies or engineers [58]. 

The decentering of rural communities in networked infrastruc-
tures matters because it produces a structural marginalization of 
rural communities. Burrell, for example, describes how the connec-
tivity expectations built into Internet applications break down in 
rural regions, leading to rural users being sidelined in both tech-
nology design and shared social conventions of use that rest on 
expectations of urban connectivity [15]. Vigil and Duarte et al. fnd 
similar issues of network-based exclusion afecting rural Native 
American reservations [23, 103]. As Melvin and Bunt express it, 
from the point of view of remote and rural participants, networked 
technology is “designed for work, but not from here,” [70] render-
ing rural employment precarious. Similarly, Hardy argues that the 
reliance of social technologies’ design on growth and scale renders 
them inoperative in rural communities. In the process, he argues, 
these technologies divert resources and attention away from de-
signing goods and services that address the needs of remote, rural 
populations [36]. Johnson et al. fnd comparable dynamics afect 
rural peer production [55]. 

These observations suggest two conclusions: frst, that infras-
tructural challenges for rural communities are not simply usability 
problems, but existential threats to their fourishing; second, that 
rural infrastructure’s fragility can be understood as a designed 
brokenness, a byproduct of a structurally “metronormative” [106] 
(i.e., city-centered) orientation to technology innovation. In this 
paper, we investigate how such brokenness may emerge from the 
disciplinary and institutional formation of technology innovation 
in the early stages of design. 

Here, we build on the insight of researchers in the area of values 
in design (VID) [19, 26, 27, 59, 73, 74, 89, 91], who argue that the 
values and impacts of technology are often unintentionally built-in 
in the early stages of design. Examining the impact of technologies 

after they have already emerged is too late. VID develops means 
for technology designers to productively identify and engage with 
issues related to societal impact in the early stages of technical de-
sign, rather than waiting until later stages of design and production 
when impact issues may already have been ‘baked in.’ 

We specifcally examine these issues within the design of emerg-
ing digital infrastructure for agriculture, often referred to as ‘smart 
farming’ or digital or data-driven agriculture (DA). Building on 
what is framed as the prior three revolutions in agriculture - i.e., 
mechanization of farm equipment, the ‘green revolution’ of manu-
factured agrichemicals such as fertilizer, and genetic manipulation 
of plants and animals - many journalists, policymakers, and re-
searchers are now speaking of an oncoming ‘digital revolution’ 
which is said to be optimizing the productivity and eco-efciency 
of farming [8]. Anxiously anticipated by farmers [63] and dubbed 
“Agriculture 4.0" [85], this digital revolution is believed to be poised 
to transform agricultural practice through research, development, 
and proliferation of digital tools. 

With this work, we build on interest in HCI in rural comput-
ing [38, 98], including calls for design to address rural issues, experi-
ences, and values [10, 23, 37, 99]. This work also connects with calls 
in social science for engaged work within technology development 
for DA in order to improve the societal impact of technology cur-
rently being developed largely for industrial agriculture [5, 85]. HCI 
is well-positioned to address this call, but technological develop-
ment for large-scale industrial agriculture is until now largely fying 
under the radar in HCI. While there has been work in HCI to address 
food production [66, 76, 81], with few exceptions [65, 96], work on 
North American farming focuses on small-scale [30, 56, 75, 96, 97] 
and urban food production [6, 11, 21, 41–44, 67, 68, 77], rather than 
on the mid-size and large farms that produce more than 3/4 of the 
food in the US [69]. 

We recognize that the inattention to industrial agriculture in 
HCI likely arises from the very real concerns that HCI researchers 
have about the negative impacts of industrial agriculture, concerns 
that are shared by many sociologists of agriculture. But, as those 
sociologists recognize, given the enormous investment in the de-
velopment of DA from powerful stakeholders including farm ser-
vice providers [33], universities [1, 12, 24, 28, 82], governmental 
agencies [8, 83], major technology corporations [16, 32, 62] and 
startups [48, 63], infrastructure for digital agriculture will come 
into being, and, in so doing, produce winners and losers in ways 
that carry huge economic implications for rural communities. As 
Bronson has shown, such consequences are already immanent in 
the early stages of design [13]. In line with Steup et al.’s call for en-
gagement with the designers and producers of DA technology [96], 
the choice we make is to engage and improve. Precisely because 
of the scale of industrial agriculture in North America, the case 
of industrial technological development is an important test for 
understanding how and to what degree the fragility of rural in-
frastructure may be built-in in the early stages of design, and to 
develop recommendations for how new infrastructure can be better 
designed to “work from here.” 
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3 APPROACH 
In this work, we build on the VID approach to examine how techni-
cal researchers envision the eventual functioning of DA technology 
in their everyday practices during early design. Our methodology 
is based in critical technical practice as developed by Agre [2, 3]. 
While VID typically supports refection on values issues by engag-
ing social and technical researchers dialogically in the early stages 
of design, Agre integrates critical and technical work into a single 
unifed practice, weaving critical refection into the everyday prac-
tice of building systems. Within HCI, critical technical practice has 
been occasionally used as part of critically refective approaches 
to system design and implementation [29, 57, 88]. Our approach in 
this paper is to analyze how the fragility of rural infrastructure may 
be produced or addressed in DA by building technological infras-
tructure for DA. We engage refectively with our own practice, and 
through an interview study with colleagues working with similar 
technology. 

3.1 Case Study: The Software-Defned Farm 
(SDF) 

Our work is oriented around a case study of the Software-Defned 
Farm (SDF), an emerging DA architecture under development by 
our research group at our university’s research farms. The SDF (Fig-
ure 1) is intended to support data-driven agriculture by providing a 
fexible architecture that connects disparate software and hardware 
to collect and process farm data, while addressing the challenges of 
limited Internet connectivity and routine weather-related outages 
that typically contribute to network fragility in rural, remote areas. 
To address the paucity of high-speed Internet in many rural loca-
tions, the SDF leverages bandwidth in existing networks, such as 4G 
LTE, as well as new networking strategies such as unlicensed TV 
White Spaces (TVWS) [7, 84]. To address weather-related outages, 
we store data locally on farm premises (also known as the “edge 
cloud”) and support opportunistic syncing with the cloud. 

In addition to network fragility, our architecture is also intended 
to provide an alternative to vendor lock-in, i.e. product development 
tactics that bind users of DA soft- and hardware to a single company. 
In DA this occurs through tactics like selling farm sensors whose 
data can only be accessed through a particular cloud vendor. Vendor 
lock-in would be addressed in our architecture by supporting local 
access to and storage of data, as well as by supporting syncing of 
that data with any private or public cloud provider. 

The core software engineering idea behind the SDF is to sense, 
transmit (in byte-addressable format), and analyze farm data to 
produce actionable insights for farm operators. The acts of sensing, 
transmitting, analyzing, and actuating farm data map to the four 
distinct steps labeled in the architecture shown in Figure 1. Our 
vision is that, upon logging into SDF user interfaces, farmers would 
be able to visualize aggregate data from normally incompatible 
sensing systems. In addition, they could run analytics on their data 
to make future farm decisions based on timely plant and/or animal 
health indices. It would also be possible for SDF applications to 
automate farm work such as triggering irrigation when sensors 
indicate water-stressed plants. 

3.2 Methodology 
Our work investigates issues that come up in the early development 
of such DA infrastructure that may ameliorate or exacerbate the 
known fragility of rural infrastructure. This focus on early design 
is inspired by values in design (VID). Yet infrastructural design 
is a particular challenge for VID, because, as Shilton details, in-
frastructure’s efects are broader and more indirect than specifc 
user-facing technologies. Often, infrastructure will be framed as 
ideally ‘neutral’ to the applications which will use it. This apparent 
application-neutrality can make it difcult for designers of infras-
tructure to anticipate or appreciate the potential efects on end users 
of early design decisions, since ideally the infrastructure could be 
used for anything [90]. In this work, we address this issue by focus-
ing on ourselves and our colleagues: developers at universities and 
on commercial farms who are advancing computing systems and 
networking layers for DA, building on shared experimental code 
which provides some DA infrastructure functionality. As technical 
researchers, we are in a sense lead users [104] of emerging infras-
tructure, and simultaneously lead developers of new applications 
this infrastructure is understood to enable. Our positionality at the 
cusp of an infrastructure’s imagined eventual uses, then, may bet-
ter place us to anticipate what an infrastructure may bring about, 
lending more traction to VID analysis of networking research and 
development than Shilton found in her work on Internet protocol 
development. 

Our specifc focus at these early stages of design is on how 
researchers are practically oriented towards particular visions for 
our technologies. This orientation builds on work in Science & 
Technology Studies (STS) which has described how expectations 
[14, 60], visions [9, 25, 64], and imaginaries [31, 46, 47, 53, 54] about 
future sociotechnical worlds are constructed and utilized within and 
around technoscientifc practice [61]. In this work, we examine in 
particular the visions held by lead developers for how our research 
projects and the emerging infrastructure we are building on are 
intended to work. We examine how ideas of how the infrastructure 
should work are shaping the manner and degree to which resulting 
infrastructure may eventually be workable in rural contexts. We 
see researchers’ eforts as a form of what Steinhardt and Jackson 
term “anticipation work” - “practices that cultivate and channel 
expectations of the future, design pathways into those imaginations, 
and maintain those visions in the face of a dynamic world” [95, 
p. 443]. Here, we analyze how developers practically orient to these 
visions through their everyday experiences of knitting together 
various, often incompatible, hardware and research code to establish 
the potential of this infrastructure in their research test beds. 

Our study is grounded in critical technical practice as a method, 
involving extended hands-on technical development interleaved 
with critical refection. Recognizing possible limitations to this work 
when taking a frst-person perspective, we drew on methodological 
suggestions to limit designer bias developed for autobiographical 
design [72]. Specifcally, we incorporated systematic data collection 
about our experiences as we went along, rather than relying on 
memory or opinions after the fact. We included outsider perspec-
tives by incorporating feedback from an ethnographic observation 
team into our work. Because it is difcult to generalize from a sin-
gle person’s experiences, we added an interview study component 
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Figure 1: The SDF is intended as a general architecture to sense, transmit, analyze, and actuate on data from networked plants 
and animals on rural farms. 

to compare and contrast our experience with those of other lead 
developers building related systems. 

Our study, then, consisted of two major elements: our own tech-
nical work with multiple DA systems, and an interview study with 
other lead developers leveraging the same underlying research code. 
The frst part of the study involved deployment of various wired 
and wireless state-of-the-art networking research technologies at 
our university’s test farms. The frst and third authors are network-
ing researchers. Over the course of 24 months, we worked with 
plant scientists, animal scientists, and chemical and biomolecular 
engineers at our university, as well as collaborators at Microsoft. 
Together, we anticipated building three DA applications: 1) mea-
suring tree trunk water potential with microelectromechanical 
sensors (MEMS) to study water consumption in apple orchards, 2) 
high-throughput plant breeding with light sensors to understand 
light intensity infuence on physiological traits, and 3) measuring 
solar-induced chlorophyll fuorescence with drones to reveal plant 
physiological responses to climate change. In the course of system 
building, these applications changed signifcantly in response to 
development challenges. 

During development, the frst author recorded bi-weekly di-
ary logs in GitHub [49] over 12 months, refecting on technical 
successes and frustrations, and the infuence of various material 
barriers on our research visions. Each diary entry consisted of 
summary, deployment, and development sections. The summary 
gave a high-level overview of our progress to date in building the 
research applications. The deployment and development sections 
delved into technical details regarding our hardware deployments 
and software development progress, respectively. As we worked to 
get a functional prototype, we began complementing the summary 
section with image updates of the evolving SDF architecture (e.g. 
Figure 1) approximately six months into the diary logs. On occa-
sions when diary logs were not readily accessible (e.g. hardware 
troubleshooting sessions), we recorded audio clips that were later 
transcribed for analysis. In a period of eight months overlapping 

the diary logs, a team of four social scientists, including the second 
author, engaged in ethnographic participant-observation of SDF 
research meetings and reported back on the results. The goal of 
this study was to develop a deeper understanding of the technical 
work involved in deploying networked DA technologies, and to 
critically refect on how and in what aspects future societal implica-
tions of the technology might be already immanent in the everyday 
practices of networking research. 

The second part of the study is a semi-structured interview 
study exploring the experiences of similarly situated lead devel-
opers. Our interview study drew on contacts we developed while 
taking part in monthly workshops organized by Microsoft, where 
developers showcased their deployment experiences and Microsoft 
unveiled advances in related hardware and software services for 
DA. The workshop attendees included university and government 
researchers, industry partners, and Microsoft researchers, software 
engineers, and university partnership coordinators. These commu-
nity meetings formed a shared backdrop for our conversations with 
our partners. As part of our system development, both we and our 
partners drew on experimental research code made available by 
Microsoft. The shared context of our technical work with this code 
allowed us to raise technical questions directly or indirectly related 
to potential societal impact. Example interview questions are listed 
below: 

• Can you describe the context in which you were using the 
shared research code? 

• Have you had to modify any of the research software or 
proprietary hardware to make it work for you? Why or why 
not? If so, how did it work out for you? 

• Imagine everyone is using applications built atop the experi-
mental code, what major changes do you see in the agricul-
ture industry? 

• What worries you about projects layered over the research 
software and hardware? 
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The interviews were conducted by the frst author. The inter-
views ranged from 50-90 minutes. They were recorded and tran-
scribed. Of the six participants, fve were researchers and one was 
a farmer with signifcant technical expertise. The researchers repre-
sented various engineering disciplines, with electrical engineering 
and computer science (EECS) being the most represented. Their 
experiences working with the common research code ranged from 
2 - 24 months. The interviews were coded iteratively using stan-
dard grounded analysis methods. We interleaved rounds of coding 
and analyzing the interviews with critical refection on our own 
ongoing experiences building DA technologies, comparing themes 
with those that emerged from re-reading diary entries and using 
these comparisons to drive further coding and analysis. 

Our initial expectation was that our analysis would focus on 
how positive and negative societal impacts were anticipated by 
researchers in the process of development. Our own experiences 
highlighted the enormous amount of mundane but challenging 
technical work involved in knitting together a set of technologies 
that, in principle, were intended to be seamless. As we worked 
with the interview data, we found similar struggles with material 
resistances were common among other lead developers and often 
became the focus of attention in their work. Our analysis therefore 
came to focus on the interactions between these material struggles 
and visions of seamlessly functioning technology on farms, and 
how the nature of this interaction might infuence the eventual 
fragility of infrastructure in rural contexts. 

4 RESULTS 
Next, we describe the visions that researchers had for how the 
systems we were layering over the leading edge networking infras-
tructure should work for end users. Then, we describe two major 
challenges researchers faced in working towards these visions: tech-
nical challenges and challenges related to organizational labor and 
support. Finally, we describe how researchers anticipated future 
farm use of their systems: who we expect end users to be, how 
we imagine the systems would meet their needs, and anticipated 
benefts and risks participants associated with the technology. 

4.1 Visions of Seamless Interoperability 
As the image in Figure 1 suggests, the SDF architecture is grounded 
in a vision of seamless, plug-and-play interoperability between 
computational components being used on the farm, such as sensors, 
networking routers, cameras, data processing in the cloud, and 
actuators such as watering systems. Our goal is to create network-
ing abstractions that form an intermediary software layer within 
farm networking infrastructure. These abstractions are intended to 
generalize from and layer over lower-level networking and sensing 
systems to support a wide range of agricultural applications. These 
abstractions serve two purposes: (1) creating a custom interface 
whereby agricultural software applications can access, transmit, 
and process agricultural data without dealing with technical details 
of the underlying soft- and hardware; and (2) setting a general 
framework that makes it possible to swap in diferent low-level 
networking technologies without altering software applications 
that layer over the SDF’s abstractions. In other words, SDF is in-
tended as a platform that will shield applications and the soft- and 

hardware components they use from each other’s technical details. 
SDF builds on and is intended to extend prior systems’ capacity 
and promises to support seamless plug-and-play. 

This capacity for seamless plug-and-play was supported in part 
by experimental research code provided by Microsoft, which pro-
vided functionality to collect data from farm-based sensors and 
transmit to a cloud. The code supported collecting data from sen-
sors and sending it to a farm computer, leveraging networking 
advances in already-available bandwidth such as Long Range Radio 
(LoRa) and unlicensed TV White Spaces (TVWS) [7, 84]. It also 
supported summarizing and packetizing data for transmission from 
the farm computer to the cloud via the Internet. The driving fac-
tor behind our choice to build on this research code was that it 
would allow any stage of the data pipeline from sensor to cloud 
to be modifed to support new networking hardware, communica-
tion protocols, software abstractions, or overlaying applications. 
Thus, we would be able to modify what is efectively an emerging 
infrastructure for digital agriculture research. 

Similar considerations infuenced our colleagues’ choices to 
adopt this code, as well as other hardware and software components 
available through open source or commercially. In imagining and 
creating agricultural futures, our colleagues see existing DA sys-
tems as ideally LEGO-like tools that can be seamlessly integrated, 
applying sensors, telecommunication, the cloud, and artifcial in-
telligence (AI) toward a streamlined experience of data collection, 
processing, and use for farms. For example, P2 described a complex 
pipeline of intermediary networking infrastructure which powers 
their computer vision application, transforming sensed data into 
immediate insights on plant and soil health. In other words, our 
colleague is leveraging disparate networking systems and software 
components to stitch together a complex data pipeline that is ac-
cessible and usable by end users. Another colleague put the vision 
of seamlessness expected from an exemplary system simply: “[It’s] 
one of the frst products that actually delivers on the idea that you 
install it, you put batteries in [the sensor], you go home and see 
the data” (P5). 

4.2 Grunt Work 
While researchers envision seamlessly operating integrations, in 
reality, developing these imagined integrations creates numerous 
day-to-day challenges. For instance, in July 2020 we envisioned a 
two-phased networking deployment to support our study of water 
consumption in an apple orchard. The frst phase would encom-
pass integrating, on a single Raspberry Pi 3 [79], environmental 
data from an experimental hardware platform with in-plant MEMS 
sensing data streamed to our collaborators’ storage account on a 
diferent platform. The second phase would reuse the experimental 
hardware for environmental sensing beyond the spring and sum-
mer growing seasons to test its durability over the fall and winter 
seasons. 

However, this technical vision quickly became engulfed in low-
level frustrations. The frst phase was hampered by both hardware 
and software peculiarities. For example, the familiar ‘righty tighty 
lefty loosey’ aphorism did not apply to screwing sensors into our 
hardware’s Printed Circuit Boards (PCB). We exasperatedly dis-
carded PCBs once they no longer held sensor wires in place. In 
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software, the Raspberry Pi 3 lacked critical libraries for the Soft-
ware Development Kits (SDKs) required to connect to our cloud 
data processing infrastructure. The only solution was to upgrade 
to the Raspberry Pi 4B [80]. The second phase was mired in trou-
bleshooting often cryptic error messages on the cloud gateway 
device. Whenever the cloud path was ruled out as the source of 
errors, we spent hours on random tricks such as switching antenna 
modules between USB ports on the gateway until we observed the 
much-anticipated green light signaling packet transmission. 

Similarly, our colleagues relate that, compared to the ideal of 
plug-and-play systems, implementation poses signifcant hardships. 
In reality, before any data can be seen on cloud user portals, one 
must spend numerous hours, days, or months “with a camping 
chair in the feld” (P4) jury-rigging hardware compartments, pon-
dering the feasibility of telecommunication with radios in metal 
sheds, updating frmware, dealing with short-lived D-batteries due 
to extreme temperature cycles, and so on. With regards to the doc-
umentation for one of their experimental systems, one colleague 
recounted: 

[T]he documentation was decent... but it needs revi-
sions as the documentation that I received was for the 
sensor box version two, but the sensor box[es] that 
I received were version three. So there were incon-
sistencies of what they were saying [at] the diferent 
locations... for the frst week ...I was pulling out my 
hair, like, why I’m not able to read anything when I 
send to fnd out the version command. (P1) 

One specifc set of challenges that researchers routinely faced 
arose from the blackboxing of commercial hardware and software. 
For example, as refected in a diary entry from February 2021 during 
the plant breeding experiments, troubleshooting problems arising 
in experimental deployments was difcult because we lacked direct 
access to the internal functioning of closed soft- and hardware: 

The initial deployment of [sensing hub AA33] to the 
greenhouse did not work because the sensor hub was 
unable to reach the [cloud] gateway at the orchard. 
However, once I got it working, it is unclear whether 
the [initial] failure was because the [LoRa] commu-
nication was impossible or because the hotspot had 
died due to the cold weather (we found it at 4% battery 
level) 

While such troubles in setting up early systems were pervasive 
for researchers, they were not understood as problems that would 
really afect eventual end users working with a commercial version 
of this kind of technology. As two of the researchers put it: 

You know, some of the things that I’ve experienced 
most other users won’t experience, because I’m kind 
of doing – helping along with the research and devel-
opment. (P4) 
I think they are probably things that every user would 
probably go through. It was a matter of time... I don’t 
view these as fundamental problems at all, they were 
just ... some minor logistics. (P3) 

Because they were working with experimental code and using 
blackboxed commercial hardware in new contexts, researchers did 

not expect such technology would be easy for them to use. They 
expected that such issues would be sorted out later in the develop-
ment pipeline, before such technologies are released in eventual 
commercial systems. 

Precisely because these everyday challenges that swallow up re-
searchers’ time and attention are considered irrelevant to eventual 
end users, it was difcult for them to connect their experiences in 
the early stages of building to the eventual use and impacts of the 
technology they were developing. Upon asking fellow researchers 
for any questions on their part before starting the interview, re-
spondents frequently pointed to their lack of having already built a 
functioning system, apparently as a reason to discount their ability 
to contribute to the anticipated discussions of societal impact: 

[J]ust a heads-up I would like to give you is that we are 
still trying to set up the system and have it working 
without any issues. Due to Covid-19, like, we were 
planning to get everything set up by end of May, but 
due to some logistical issues, we didn’t get all the 
components, the sensors, the boxes themselves, and 
everything... I have only set up one sensor box over 
here, and still trying to get the [cloud gateway] device 
on the university network. (P1) 
We are working to deploy the system, but right now 
we don’t have the system ready... [I]f your expectation 
is that we have a process right now with results, we 
don’t have it. (P2) 

The sense that these discussions conveyed was that eventual societal 
impact of the resulting systems seems fundamentally divorced from 
their ongoing work in these early stages, rendering them incapable 
of discussing it in an informed way before the system they are 
building is fully functional. 

4.3 Organizational Labor and Support 
The previous section described challenges to producing smoothly 
running systems that were created by technical issues such as in-
compatible software or hardware or out-of-date documentation. 
But the everyday resistances to creating a functional system go far 
beyond the scope of the purely technical. For example, in February 
2021 we began working on another sensor network deployment 
to support plant breeding experiments in a university greenhouse. 
Because the experiments rely on light intensity as a control variable, 
they required light sensors, which we had previously used in the 
still-running orchard deployment. When we arrived at the orchard 
to retrieve the sensors, we found the 50-square foot plot covered 
with two feet of hardened snow. After 20 minutes of fruitless dig-
ging, we had to delay a few days to fnd snow shovels. In placing 
PCB and sensor orders two years earlier, we had not anticipated 
the need for snow shovels to make the system work. Then, our 
plant science collaborator found out from the growing manager 
that her experimental greenhouse did not have functional electric 
plugs to power our cloud gateway device, which then delayed our 
deployment by another few weeks. 

In another instance, miscommunications around import shipping 
delayed our networking upgrade from phone hotspots to TV White 
Space (TVWS) antennas by nearly three months. The third author, 
the Principal Investigator on the SDF project, was unaware that 
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duty taxes had to be paid to United Parcel Service (UPS) for the 
TVWS equipment upon arrival in the US. Thus, following a long 
wait at a UPS distribution center and multiple failed delivery notices 
posted on their ofce door while they worked from home during the 
pandemic, the equipment was sent back to our vendors in Toronto, 
Canada. 

Indeed, even when our systems worked, they did so not only 
because of our technical work; they also depended crucially on our 
ability to navigate regulations and bureaucracies, and on material 
and labor support from our university. The university engineering 
buildings provided working electric plugs for equipment testing; the 
university IT staf provided Visual Studio [71] licenses for inspect-
ing research code written in C#; university-employed carpenters 
and electricians mounted our TV antennas, and so on. Our eforts to 
build these systems thus required interfacing with other units and 
organizations. Interactions with building support staf and outside 
companies interleaved with the technical work needed, as in this 
project status update from a diary entry on April 9, 2021: 

Gary is waiting on confrmation from the carpenter 
that would mount the antennas at the orchard. Other 
requirements include getting GPS signals to query the 
Red Spectrum database in addition to setting up a $20 
month[ly] subscription to the database. 

These experiences point to the ways in which early DA research 
prototypes are built, deployed, and maintained within organiza-
tional structures which not only provide the structure for them to 
function, but also condition how they are used. Similar refections 
arose in our colleagues’ responses to a question about what could 
deter the adoption of digital agriculture technology in general, and 
the software and hardware on which they were building in particu-
lar. Their answers often focused on the organizational relationships 
between universities and technology companies producing these 
products and those imagined in the future between such companies 
and end adopters. In the short term, our colleagues imagined the 
necessity of a continuous back-and-forth between companies pro-
ducing cutting-edge DA technology and lead developers to move 
the technology toward seamless deployments in research farms. 
One researcher described how future lead developers might resolve 
challenges they had had in getting data from a sensor into the cloud 
this way: 

[M]aybe this partner need[s] to adjust things in the 
hardware part... or they need, they, I mean [the com-
pany providing the cloud platform], needs to adjust 
something in their web platform to talk with a specifc 
sensor that they don’t have in the list. (P2) 

Obviously, such personalized interactions between organizations 
would not be realistic for eventual large-scale, commercial farm 
deployments. In the long term, our colleagues described seeing 
the need for support such as self-setup kits for eventual consumer-
facing products. The most pessimistic outlooks for adoption were 
motivated by the myriad material barriers that the technology cur-
rently poses, barriers which were seen as requiring more intensive 
organizational support to overcome. The majority of researchers 
described a need to transfer the grunt work of getting systems up 
and running from the end user to an installation support service. 
The challenge, as one researcher working closely with farmers in 

a Midwestern state pointed out, is that these services do not yet 
exist: 

I think that it’s the installation part that’s the problem. 
You know when you buy a carpet from Home Depot, 
the carpet installation guys... you don’t know who 
they are, but Home Depot gets them to show up and 
do it for you. We don’t have a good market in the 
Ag world right now for that, where you can go to [a 
company that produces a technical product] and say, 
‘I want to buy [your product]’, and [the company] 
also sends an installer to get it working, you know? I 
think that’s maybe what’s missing. (P5) 

4.4 Envisioning future farm use 
As these colleagues’ comments suggest, researchers are already 
clearly anticipating future usage of our systems by refecting on 
what future farm experiences might be like and developing theories 
of the needs of end users, generally described as ‘farmers’, and 
how they could be met by cutting edge DA infrastructure and the 
applications we are building over it. In our own work on SDF, we 
speculated on the needs of farmers in making design choices. For 
example, a bi-weekly refection in October 2020 refects our antici-
pation of needs a farmer might have to swap in and out diferent 
components: 

[I]t’s not necessary that a TVWS-enabled or 4G/LTE-
enabled farm system be the only options for the farmer. 
Depending on the farm size and desired data rates, 
it may be the case that Bluetooth nodes [are] good 
enough for some applications. Thus, the goal is to 
build something that does the network design and 
decides the best architecture for a given farm and 
available physical media (WiFi, TV White Space chan-
nels, etc). 

These thoughts resulted in us developing a prototype web applica-
tion taking user input describing farm characteristics (imagined to 
be entered by the farmer) and producing a graphic representation 
of the lowest-cost way to connect sensors to gateways on that farm. 

Like us, our colleagues viewed their tasks not merely as produc-
ing computer science advances, but as bridging computer science 
with agricultural science and practice. Therefore, their speculations 
coupled the limited integrations that were enabled by the disparate 
components they were using with a willingness to step into the 
farmer’s shoes to imagine a system’s efects. In the process, re-
searchers implicitly created a future farming persona. They did so 
by anticipating farmers’ backgrounds, skills, wants, and needs and 
forecasting how their experimental DA infrastructure and overlay-
ing future applications would meet those needs. For example, the 
envisioned interoperability researchers were working towards was 
seen as advantageous given farmers’ expected lack of signifcant 
computational background: 

Maybe the farmer doesn’t have the skills nor under-
stand how is [the system] working... I mean AI, com-
puter vision, hardware, software, all of those things 
integrated in a transparent system. You don’t need to 
know anything about machine learning (ML), but you 
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can obtain the data running in your computer or in 
your phone using ML in your feld. (P2) 

As they imagined future use, researchers identifed specifc prob-
lems that might arise. For example, three of our colleagues noted 
that interference between blackboxed devices relying internally on 
similar radio bandwidth, a common problem in urban deployments, 
could be unintentionally exported to rural farms through DA. As 
P5 put it, 

I could see... in the future we have this spectrum prob-
lem with phones and Wi-Fi and things like that now, 
so now it’s going to be in the Ag[ricultural] space... 
“Well, you installed your new fancy whatever and it 
broke my older fancy thing, because you’re too close 
to me.” 

P5 saw these issues of radio interference as outside the scope of 5 DISCUSSION 
technical design, “more of a social problem than a real problem.” 

Colleagues anticipated a variety of benefts of a networked and 
automated farm for farmers and the broader society, including 
more family time for the farmer, human labor cost reduction, en-
vironmental sustainability, and management of worldwide crop 
price (in)stability. A major potential downside of smart farming 
approaches was seen to be its economic cost. Our colleagues shared 
our belief that technical value must be matched with economic 5.1 Seamless visions 
value if this technology were to be widely adopted. As remarked 
by one participant: 

Farmers often operate under very challenging fnan-
cial constraints, with pretty low or very, very low 
margins. And they don’t have the luxury of... work-
ing with moonshots. (P3) 

These concerns were echoed by P4, a broadacre crop (e.g. corn, 
soybeans) farmer with a technical background and extensive soft-
ware consulting experience. Agreeing that farmers shop for eco-
nomic value out of DA platforms, they recalled: 

I looked into some alternatives... but to be honest... 
they were just way too expensive. ‘Cause I guess I 
am a little price-sensitive, or maybe decently price-
sensitive – but for broadacre crops you don’t have as 
much proft per acre as these high-value crops like 
vegetables or orchards, vineyards. So I get priced out 
of a lot of these things really quickly. You know, they 
would want thousands of dollars for a weather station. 
I’m, like, ‘Well, how could I put ten of those around 
my farm? You know, that’s getting up to the price of, 
you know, a used tractor.’ (P4) 

Compared to ourselves and our other colleagues, this experi-
enced farmer’s visions of future farming are much better grounded 
in contemporary farming realities. Still, their experiences are not 
representative of all farms. Considering their neighbors’ opinions 
of this farmer’s own high-tech farming practices, they refected: 

Some think I’m wasting my time. Some are intrigued. 
A lot don’t believe that I’m either saving as much time 
or as much money as I’m saying. You know, you’re 
never going to convince everyone. To be honest, some 
of my neighbors still farm like it’s 1950. They work 
their feld 500 times, they have terrible erosion, they 

spray the same chemicals on the whole feld no matter 
what, and that’s just the way they farm. (P4) 

This insight identifes an important distinction between researchers’ 
imagined farming futures and current farming realities. That is, we 
are developing technologies which we anticipate may have a 30-
year horizon, while some farms rely on techniques which we might 
consider 70 years out of date. This perceived temporal gap of a 
century between the anticipated site of adoption and current site of 
consumption is a sign of a potentially signifcant confict between 
how researchers imagine farming and the reality of real-world 
farms - an issue we will return to in the discussion section. 

In this section, we refect on what these fndings can tell us about 
how researchers are envisioning the futures they are creating for 
farms, how those visions relate to their everyday practices, and how 
these modes of anticipation may be shaping the eventual fragility 
of these technologies. 

The fundamental vision that we share with our colleagues is of 
eventual plug-and-play systems that would allow for seamless con-
nection between disparate, of-the-shelf technologies. Such systems 
would allow eventual end users to be able to reap the benefts of data 
collection and processing without having to undergo the tedious 
work of confguring technology. We dream of seamless integration 
of hardware and software toward a simple, usable digital farming 
experience: one should be able to install sensor network software, 
put batteries in the sensors, and go home, while the system takes 
care of the processing. 

This is a similar orientation to seamlessness that animates much 
interface design work, with the goal of hiding technical details 
under the surface, enabling users of those systems to focus only on 
the tasks they are engaged in [50]. Seamlessness, as Inman and Ribes 
point out, emphasizes technology as “invisible or backgrounded to 
the user” [50, p. 4]. This ideal of invisibility and backgroundedness 
is also a general goal of infrastructural development. As Star and 
Ruhleder describe it, for most users, infrastructure tends to be 
transparent, becoming visible only upon breakdown [93]. 

The goal of seamlessness matters particularly for DA infrastruc-
ture because the seamlessness we are proposing to create starkly 
contrasts with the realities of rural infrastructure, which, as we 
noted previously, is less well-developed, more liable to break, and 
slower to be repaired than urban infrastructure. Such infrastruc-
tural challenges are, in fact, exactly what technology like the SDF is 
intended to solve. Research into rural networking is often explicitly 
oriented towards solving challenges arising from the lack of reliable 
infrastructure [18, 39, 84, 100, 101]. Our and our colleagues’ goal is 
to develop an infrastructure for cutting-edge data processing capa-
bilities on farms that is resilient to issues such as power outages 
and poor network connectivity, as well as end users’ likely lack of 
familiarity with computer science. If infrastructural breakdown is 
the problem, then seamlessness, we hope, could be the solution. 
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5.2 Material resistances 
What’s striking in DA research is how deeply this vision of seam-
lessness contrasts with the everyday reality of material resistances 
to that vision. These material resistances continuously produce new 
seams and discontinuities that researchers struggle to bridge. We ob-
serve ourselves and other researchers spending weeks and months 
fghting material resistances to create a simulacrum of seamless 
futures. The struggles take many shapes, including clerical work 
(perusing inconsistent documentation and setting up virtual trou-
bleshooting calls), computer engineering (updating frmware and 
debugging hardware components in the feld), logistical negoti-
ations (powering a base station in a metal shed), responding to 
weather and seasonality (digging sensor boxes out of hardened 
snow), etc. These material resistances produce an odd phenomeno-
logical contradiction: while researchers have a vision of eventual 
seamless functioning, their everyday lived experience is of contin-
ual, painful grappling with material resistance to that seamlessness. 

Clearly, material resistances and the seams they induce are con-
tinually produced by numerous factors. One additional factor, ironi-
cally, is the very goal of seamlessness itself, and how that is oriented 
towards diferently by companies that produce technological prod-
ucts versus the researchers who utilize them. As organizations, 
these companies’ imperative in creating eventual seamlessness is 
to produce technologies which are black-boxed, often with tightly 
coupled hardware and software components that can stand on their 
own as easy-to-use products in the marketplace. In so doing, design 
and implementation choices in these systems necessarily constrain 
the ways that they can be integrated with other systems, even in 
cases where the code is openly shared with researchers. But re-
searchers’ goals are to tinker with these technologies, to open the 
black box, to innovate and use them in unexpected ways, and to tie 
them into other existing systems. In doing so, they often run into 
roadblocks in the way the technologies have been packaged. Thus, 
companies developing DA technologies aim to produce seamless-
ness by preconfguring technology, but researchers want to produce 
their own new seamless futures by reconfguring that technology. Disappearing seams. The frst form of invisibility is grounded 

in the very nature of the work that researchers are primarily enThe tension between these two approaches produces more resis-
tances, which may need to be negotiated across the organizational gaged in. Much of the work of producing a functioning prototype 

is ‘invisible work,’ which Daniels defnes as work “that disappears seam that lies between those companies and the university research 
and commercial farms using them. 

In any case, the weight of all these material resistances is exten-
sive, and grappling with them forms the primary everyday work of 
research in this area. The contrast between the larger goals of easy-
to-use agricultural technologies and the mundane, messy realities 
of trying to get a technology to work in practice produces a chasm 
between the lifeworlds that researchers imagine they are producing 
for farmers, and the lifeworlds they themselves inhabit. The farmer 
enjoying family time while an automated system senses and waters 
their plants couldn’t be further removed from the researcher im-
mersed in the confguration and maintenance grunt work to make 
such a system possible. 

5.3 Anticipating seamlessness 
A core question that emerges in the face of this dichotomy between 
seamless visions of farming futures and researchers’ own seamful 
realities is the following: how do researchers maintain faith in the 

eventual seamlessness of their systems on farms in the face of our own 
seamful experience? 

One way in which this faith is maintained is through practi-
cal reasoning: by positing means later in the research-to-product 
pipeline to resolve the material challenges that we face. Researchers 
recognize that there is a gulf separating the world we are working in 
from that which end users, imagined as farmers, can be expected to 
inhabit. Researchers attempt to bridge this gulf by identifying places 
where we believe our experiences are likely diferent from end users, 
and anticipating how those diferences could be addressed when the 
technology is eventually publicly released. In imagining eventual 
farm use, some of the challenges we ourselves face are seen to be, in 
principle, solvable through improvements in the technology design 
itself, such as through cleaner API’s, more fexible confgurations of 
sensor hubs, the work of later interface designers, or the technolog-
ical innovations the researchers themselves are working on. Other 
challenges are seen as likely not addressable by the technology, 
requiring non-technical solutions, such as retraining of end users, 
support from the companies producing the technology, and/or or-
ganizational innovations, such as the development of a new class of 
service providers to install DA technologies. Such innovations, it is 
hoped, can transform technologies that are seamful for researchers 
into ones that are seamless for end users. 

But even while researchers identify means to address seams that 
they experience, we also fnd that many potential seams are ren-
dered invisible to researchers by the disciplinary and organizational 
structure of technology innovation. In the next sections, we will 
describe three key ways in which faith in eventual seamlessness 
rests on structural invisibility of seams that could be experienced 
by end users. The frst renders observed seams as incidental or 
unimportant, leading to disappearing seams; the second obscures 
seams relevant to research experiences from view, leading to hidden 
seams; and the third places seams systematically beyond researcher 
experience, leading to distant seams. 

5.3.1 
-

from our observations and reckonings” [20]. In technical context, 
this includes work that has to be done for a computational system 
to function, but will likely not be referenced in a researcher’s own 
presentations or papers, because it is not part of their formal knowl-
edge claims [78, 87]. In our case, this includes things like tracking 
down parts which have gotten lost in shipping, meeting with build-
ing managers to convince them to allow the installation of network 
components, or fguring out where to get updated documentation 
for a sensor. Following Star and Strauss’s formulation, such work 
is the hidden “back stage” work that makes the visible “front stage” 
work of demos, publications, and research talks possible [94]. 

Largely unreported, this work can feel incidental to the system 
actually functioning, experienced as just technical or logistical 
details that are a hassle to deal with, but don’t really matter for the 
big picture. Built into the vision of seamlessness is the hope that 
end users will not, in fact, bear the weight of this type of labor – the 
hope is that it will be eliminated. But precisely because this work 
is invisible, often unaccounted for, and felt to be incidental, the full 
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scope and form of this work can be quickly forgotten, left out of 
the imagination of how these systems would practically work in 
the primarily rural end contexts. 

5.3.2 Hidden seams. The second form of invisibility is produced by 
the role of organizations themselves in mitigating seams, by provid-
ing structures and resources that eliminate barriers and challenges 
that researchers would otherwise have to navigate. For one thing, at 
universities and technical research centers, researchers are aforded 
the time and fnancial fexibility to tinker with new technologies. 
This organizational support allows us to deemphasize fnancial 
decision-making in our everyday practice. However, such resources 
are likely not available in the contexts that researchers imagine as 
the fnal setting for the technologies they are developing. For exam-
ple, commercial farmers operate under stringent time and fnancial 
constraints. As our colleague with farming experience highlighted, 
current DA platforms tend to be designed for farms with access to 
economies of scale and profts such as vineyards, whose resources 
better match that available to technical researchers. 

In addition to fnancial resources, the universities most researchers 
belong to also supply technological infrastructure (such as always-
on electricity and robust networking capacity) and human capital 
(including students, IT staf, carpenters, and electricians) to support 
the research enterprise. These resources are likely not available in 
the contexts that researchers imagine as the fnal setting for the 
technologies they are developing. For example, inexpensive express 
shipping of urgently needed repair parts is much more available 
in college towns than on remote farms. Additionally, in less-dense 
rural contexts, repair services may be far away, difcult to access 
and slow. While larger industrial farms may have a dedicated work-
force supplying onsite support and technical expertise, this is not 
the case for medium-size and small farms. 

Indeed, as described earlier, the lack of such resources and in-
frastructures is what motivates the vision of seamlessness for these 
technologies in the frst place: these technologies are intended to 
supply their own functioning infrastructure to replace the patchi-
ness of what is available remotely, and to do so without requiring 
tinkering or extensive technical knowledge. But because we are 
used to relying on a rich organizational context, we may not realize 
which things that are seamless for us will be far from seamless for 
an end user. 

5.3.3 Distant Seams. The third form of invisibility is produced 
by the fact that certain seams arise from details of the use con-
text that are beyond researchers’ direct or indirect experience. As 
described previously, bridging the gulf between seamful building 
and anticipated seamless use requires a capacity for researchers 
to imaginatively identify how such seams would appear and could 
be mitigated in the end use context. One signifcant challenge to 
this capacity is that, by and large, we often lack a detailed familiar-
ity with the intended use situation we are designing for, making 
it difcult to anticipate how systems might be adopted and used 
in practice. While one of our colleagues was a practicing farmer, 
most of us are technical specialists with a detailed understanding 
of the technologies we are working with, but little knowledge of 
the pressures, structure, and practices in the contemporary agri-
cultural sector. For example, researchers often spoke of designing 
“for farmers,” without recognizing the substantial diferences in 

design contexts for farm managers, farm workers, of-farm service 
providers, or the larger agricultural corporations such as equipment 
or agrichemical suppliers which are likely to reap the data collected 
through DA technologies on farms. 

While access to user studies about agricultural contexts could 
help mitigate this issue, it would not completely solve it. This is 
because, as our participants reported, the distance between their 
experiences of developing systems and the imagined world of use 
leads to a lack of felt capacity to address issues around the eventual 
efects of their systems. Mired in the details of getting the system 
working, researchers report not being in a position to consider the 
consequences for how it will eventually be used at all. Their sense 
is that they just aren’t there yet – they don’t have enough working 
that they can even start thinking about what might happen when 
systems like those they are building would be released into the 
broader world. Even with more information about the world of use, 
then, these seams may remain phenomenologically distant from 
research practice. 

5.4 Towards an artful engagement with seams 
We began our work with the question of whether and how the 
fragility of rural infrastructure may be built in during the early 
stages of its design. Our work revealed a core conundrum, in which 
visions of seamlessness are maintained in the context of pervasive 
experiences of seamfulness. We and our colleagues try to puzzle out 
how the obstacles we know about would eventually be overcome 
to create the seamless experience we hope for. Still, the impact 
of our own seamful experiences on how we imagine and produce 
farming futures is limited, for 3 reasons: (1) because of disappearing 
seams, arising when the work of overcoming those seams is invisible 
and discounted; (2) because of hidden seams, arising when our 
organizations smooth over seams which will emerge when these 
technologies are used in a broader world; and (3) because of distant 
seams, arising when disciplinary structures inhibit researchers’ 
ability to notice eventual seams that will emerge for users, while 
the challenge of material resistances inhibit their ability to orient 
towards them. 

Our work documents how seams are rendered structurally in-
visible in the early design of new rural infrastructure. However, 
this structural invisibility does not necessarily mean that these 
seams will be experienced by end users. Certainly, it is possible that 
the seams which engineering researchers do not address will be 
resolved later in the research-to-product pipeline by those closer 
to and more familiar with the context of use. 

But our results suggest 3 key problems with researchers relying 
on later actors in the product pipeline to clear away seams rendered 
invisible in the early stages of design. First, it wastes researchers’ 
expertise, since early-stage researchers have concrete knowledge 
about existing seams which is lost in the pivot to research results. 
Second, while researchers have the goal of producing eventually 
seamless technologies, it is difcult for us to be confdent we are 
actually doing so when we lack capacity to address seams that are 
hidden or distant. Finally, postponing fxes to seams until later in 
the pipeline cedes those fxes to entities acting under diferent con-
straints, in ways that may undermine the values which motivate 
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university researchers. For example, we often envision seamless-
ness as being produced through open, interoperable systems, while 
for commercial vendors it may make more sense to produce seam-
lessness by locking users in to a single brand system. 

So how should researchers address the prevalence of invisible 
seams in the design of rural infrastructure? From a design per-
spective, the largest consequence is that taking seamlessness as an 
inviolate goal for new digital agriculture infrastructure may not be 
the most useful way to approach this work. As Inman and Ribes 
argue, neither seamfulness nor seamlessness “can be approached 
as a simple virtue or vice; rather... we .... must ultimately resolve 
[which to use] in design practice” [50, p. 1]. 

Given rural communities’ struggles with current seamful infras-
tructures, seamlessness matters and has clear benefts. Nevertheless, 
our analysis suggests that seamlessness and its production through 
blackboxing also has signifcant downsides for rural use. Black-
boxing trades of ease of use against end users’ knowledge of and 
control over how the technology works. In rural contexts, this can 
make it hard to adapt technology to specifc farms. It can also lead 
to repair issues which the distance to repair service and parts render 
more difcult to resolve than in urban environments. Blackboxing 
creates new dependencies on of-farm providers of technology ser-
vices and repair. As it does so, it provides opportunities for more 
powerful stakeholders, including service providers and the com-
panies who reap and process data, to capture the possible benefts 
of DA at the cost of the farms that produce it. The very ideal of 
seamlessness as a solution to rural infrastructural fragility may 
mask the ways in which these technologies embody the interests 
of other stakeholders. 

To the degree that seamlessness is nevertheless desirable, it is im-
portant to recognize the limits of its achievability. Technology can 
never be truly seamless, particularly in situations such as arise in 
DA, where the world of use is both highly diferentiated and distant 
from the world of design. Jackson and Singh point out that such 
discontinuities between design and use manifest as infrastructural 
seams that demand invisible work of users to manage [92, p. 4784]. 
More positively, as Vertesi establishes, seams don’t always need to 
be eliminated, because end users are already artfully managing not 
only seams within, but also seams between infrastructures [102]. 

In order to support such artful management and avoid infict-
ing more invisible work than necessary, it will be important for 
researchers to explicitly identify seams that already exist, and that 
are likely to come to exist as the technology is adopted. Identifying 
such seams can then inspire means to better manage them during 
adoption. In the next section, we provide guidance for how to do 
so. 

6 IMPLICATIONS FOR DESIGN 
In this section, we build on these insights to provide three concrete 
suggestions to support the artful management of seams in digital 
agriculture: by supporting the right to tinker, by documenting 
invisible work and its efects, and by bridging the gulf between 
research and commercial farms. 

6.1 Support the right to tinker 
We have observed that researchers spend signifcant amounts of 
time tinkering with equipment in order to produce functioning 
deployments. We similarly observe that farmers routinely tinker 
with their equipment to ft their farm’s particular geographic con-
straints [45]. Thus, while researchers understand seamlessness as a 
necessary goal because of end users’ lack of technical expertise, tin-
kering is actually a core value driving innovation and appropriation 
for both the engineering and the farming communities. This ethos 
of tinkering is, however, threatened for both by the encapsulation 
of commercial software and hardware. Just as commercial technolo-
gies place limitations on how components can be integrated with 
them, commercial farm service providers rely on copyright law and 
end user license agreements that void warranties if farmers modify 
equipment in unintended ways [17, 35]. This practice discourages 
innovation, tinkering, and self-repair. 

Given what we know about the comparative fragility of rural 
infrastructure and challenges of accessing third-party rural repair, 
and recognizing that seams and challenges are likely inherent to 
its design, digital agriculture platform design should embed ac-
cess for tinkering by researchers and farmers. Going hand-in-hand 
with the right to repair movement in electronic and automotive 
industries is the right to tinker [34, 40, 105]. Embedding such a 
right to tinker is particularly crucial for DA because every farm 
presents its own peculiarities, embedded in local geographies and 
micro-climates, which resist the capacity of generalized systems 
to meet their needs [65]. Tinkering would allow DA systems that 
are designed for the farms technology developers see as ‘average’ – 
likely larger-scale, industrial farms – to still be useful and usable 
for smaller-scale and less industrialized farms. Supporting such 
appropriation will require not only openness in architecture, but 
also structures and organizations that facilitate community sharing 
of knowledge about tweaking. 

6.2 Document invisible work and its efects 
Our results highlight the invisible work of confguration and logis-
tics that is required to create functioning prototypes. This invisible 
work is experienced but discounted by researchers as relevant to 
end users, or is hidden from their view because of the support 
provided by research organizations. 

Given known logistical and infrastructural challenges in rural 
communities, confdence that these seams will simply disappear 
seems unwarranted. Some of these challenges will indeed be re-
solved by technology companies developing them, in part through 
feedback from lead developers, including but not limited to univer-
sity researchers themselves. In such cases, designers and developers 
may not fully appreciate how their own navigation of material re-
sistance in the early stages is infuencing the shape of fnal products 
and how that navigation will shape how the products impact end 
users. Other challenges will remain and need to be addressed before 
the technology becomes a product in the marketplace. 

Thus, we suggest that farm technology developers explicitly 
document these implementation road bumps and discuss them 
within the developer community. This documentation should be 
used to refect on the types of challenges they face, how they might 
compare to eventual farm challenges, and understand the gradual 
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yet important efects of their experiences on system and product 
design decisions. It should also be used to identify issues that will 
need to be addressed in other ways when the technology is released 
to a broader audience. 

6.3 Bridge the gulf to farms 
Our discussion highlighted the wide gulf between the farm de-
ployment context imagined by researchers and the daily realities 
of farming. An obvious conclusion is a need for user studies in 
HCI covering industrial agriculture and other medium- and large-
scaled farms, to complement and extend the work on small-scale 
farming in North America which is relatively common in HCI 
[21, 41, 43, 44, 67, 68, 77, 97], and the use of such studies to inform 
technical research work in areas such as networking. But our anal-
ysis of the role of material resistance in obscuring considerations 
of impact, the obfuscation of seams through invisible labor, and the 
masking of seams by organizational support suggest that simply 
knowing more about farms, while helpful, is not enough. 

A more signifcant shift in aligning the worlds of design and 
use of these technologies could be produced by rethinking the uni-
directional, black-boxing assumptions about technology transfer 
underlying these technologies. We currently produce our technolo-
gies at research labs and universities with ample organizational 
support, with the idea behind our seamless visions that they will 
be encapsulated as easy-to-use technologies when they eventually 
go to market. But recognizing the historical role of farmers as pro-
ducers of infrastructure and contemporary role as tinkerers and 
adapters suggests that this model could be rethought as a two-way 
street which better aligns research production with farm expertise 
and innovation. 

Our frst suggestion is to develop opportunities to more efec-
tively bring farming experience into research and development. 
Technically trained farmers such as P4 are not as rare as might 
be imagined. They provide important reality checks for emerging 
technology. Other farmers can be engaged, for example, through 
co-design workshops between researchers and farmers where the 
gap between research visions and farming realities could be rec-
ognized and addressed [86]; for one example, see [22]. Another 
option would be to deliberately recruit rural youth as research 
assistants on technical research projects, and valuing their knowl-
edge of rural experiences, values, and practices as an important 
form of expertise informing the project. We note that agricultural 
extension agents have historically provided an important link in 
translating between cutting-edge research and on-farm practice 
and can provide a valuable reality check for technical research. 

Our second suggestion is to develop approaches to technology 
transfer that create more room for the fne-tuning of technology by 
appropriators at the site of consumption. The prior adoption of sim-
ilar systems in rural regions makes clear that technology typically 
undergoes evolution and appropriation to ft the social-technical 
norms of its deployment location and community [4, 51]. While 
farmers are already tinkerers, educational training will be crucial 
to adopt these more complex technologies. By educational train-
ing, we do not imply needing a computer science degree. Rather, 
in acknowledging the seams masked by the sites of production 
(i.e. university or industrial research), the farmer may beneft from 

“cheat sheets” that explain how to do the invisible labor of bridg-
ing seams that will be required to take advantage of nominally 
seamless technologies. To facilitate acquaintance with these new 
technologies, we recommend organizing workshops where partici-
pants could be trained on the benefts and, importantly, limitations 
of new hardware/software products for DA. 

7 CONCLUSION 
This paper explores how the fragility of rural infrastructure is 
anticipated and can be addressed in the early design of new infras-
tructure for digital agriculture. To do so, we explore how the future 
of farming is being envisioned and realized by researchers who are 
developing new applications over emerging DA infrastructure. We 
fnd that the visions of seamless interoperability motivating DA 
infrastructure research coexist with researchers’ seamful realities 
of colliding into a host of material resistances. We discuss how and 
why faith in the vision of seamlessness is nevertheless upheld in 
the face of these experiences: some seams are discounted by re-
searchers and disappear, others are hidden away by organizational 
and logistical support, and yet others are distant and unknown. We 
develop recommendations to support a more artful management 
of seams for end users, enabling this infrastructure to be better 
adapted to and appropriated in the farming context. 

Our approach to do so used critical technical practice as a method-
ology to accomplish the goals of VID: to explore and alter how po-
tential consequences of the technology are built in at early stages of 
design. Our choice to work with lead developers using and building 
applications on an emerging infrastructure addressed the challenge 
in VID of bringing eventual efects of an infrastructure closer to 
the experience of the technical researchers building it. Indeed, un-
like Shilton’s work with Internet protocol developers [90], our 
colleagues had no difculty in enumerating societal issues that 
could potentially be impacted by their experimental DA systems, 
discussing issues such as time savings, productivity, or price stabil-
ity, all of which could provide starting points for VID engagement. 
Yet our analysis ended up focusing, not on the specifc issues that 
researchers anticipated, but on aspects of researcher practice that 
unintentionally shaped impact on rural communities by producing 
a potential fragility of the infrastructure. Our analysis demonstrates 
one way in which the fragility of rural infrastructure can be pro-
duced through the process of engineering design: by creating a 
faith in seamlessness through the structural invisibility of relevant 
seams. This work suggests a path forward for infrastructural VID 
that is less reliant on technology developers being able to identify 
eventual societal impact within early design: by refecting on the 
downstream consequences of developers’ everyday experiences. 

For ourselves and our colleagues, visions of seamlessness seemed 
key to sparking the ‘digital revolution’ many of us hope this technol-
ogy might produce. But our analysis suggests that this technology 
may be more seamful than we realize or hope, and that seamless-
ness, when achieved, may carry unexpected negative consequences. 
If we focus exclusively on producing seamlessness, then, we could 
be exacerbating the very challenges of rural infrastructure that we 
had intended our work to resolve. Instead, while enabling some 
forms of seamlessness, we must also leave room to recognize and 
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document seams, and provide opportunities for end users to grapple 
productively with them. 
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