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Abstract: Several approaches have been proposed in the literature supporting product design applied
in low-income settings. These approaches have typically focused on individual- and household-level
beneficiaries, with an emphasis on participatory, human-centered co-design methods. In this paper,
we present a design approach that is, in contrast, focused on supporting providers of improved water,
sanitation, and energy services. We establish requirements for design in these contexts, especially
addressing design iteration. We describe sets of feedback systems between designers and various
sources of expert knowledge, codifying roles of design stakeholders in this context. We demonstrate
these principles across three case studies: a sanitation service monitoring technology in Kenya; a water
flowmeter technology in Kenya; and a water storage monitoring technology in Sierra Leone.
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1. Introduction

Recent product design literature has presented approaches for product design applied in low-income
settings. Sometimes referred to as “design for the bottom of the pyramid”, “design for the developing
world” [1], or “social sector human-centered design” [2], these approaches often frame the end-beneficiary
a customer, even when they are not, in fact, retail consumers. The intent is to treat the beneficiaries
as engaged co-designers to develop products that “support development of resource-poor individuals
or enhance their capabilities” [3]. These approaches attempt to redress the reality that the majority
of the world’s engineering effort flows towards product design for the most affluent fraction of the
global population.

In this paper, we present a design approach that is, in contrast, designed to support professionals
working to improve water, sanitation, and energy service delivery. This paper describes elements of a
design theory for product development to enable improved services, with a focus on clear definitions of
stakeholder feedback roles throughout the design process. The common goal of design methodologies
for global development is poverty reduction and a positive health impact. However, our methodology
emphasizes improving and sustaining basic services rather than household-level consumer product design.
This approach prioritizes partnership with governments, utilities, and implementing agencies as the
relevant stakeholders in this design process.

This approach embraces some components of the emerging consensus around beneficiary co-design,
while also maintaining a more traditional relationship between the target product user and the designer.
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We use iterative design, rapid prototyping, and small-batch manufacturing techniques popularized by
the aerospace, automotive, and biomedical industries [4], modular product design approaches [5], remote
design approaches enabled by advanced computer-aided design (CAD) and communication technologies,
and customer feedback systems akin to the human-centered design approach [6].

2. Context

Barriers to achieving the United Nations Sustainable Development Goals (SDGs) for access to clean
drinking water, safe sanitation, and affordable, clean energy are formidable. Over half of the world’s
population lacks access to safely managed sanitation, a third of the global population lacks access to safe
drinking water [7], while roughly 3 billion people burn biomass for their daily energy needs, increasing
exposure to air pollution [8]. Limitations of existing program models for global development interventions
must be met with a renewed focus on feedback, accountability, and sustained service delivery [9].

Our team has leveraged the Internet of Things (IoT) to connect infrastructure and public health
interventions to data platforms, with the goal of improving the effectiveness and sustainability of these
interventions. We focus on the design and manufacture of internet-connected products that can interface
with existing infrastructure. We have designed products to improve levels of service delivery and
operations and maintenance practices for water infrastructure [10], to inform stakeholders regarding the
use of sanitation technologies [11], to understand actual consumer behaviors around new technologies [12],
to measure health impacts of interventions [10], to establish new methods for higher-efficiency sanitation
service delivery [13], and to examine consumer behaviors in the face of climate change [14]. By providing
products that can help service providers and public health practitioners fill in critical gaps in available
data, these efforts have worked towards a more transparent and measurable field global engineering [15].
This paper presents an approach for the design of connected products to improve basic services delivery.

3. Design for Improved Services Approach

Some elements of design in low-resource settings, especially for products focused on basic needs
like clean water and sanitation, differ from standard industrial design processes. Infrastructure is often
under-serviced, difficult to reach, and lacks documentation [16]; staff are often constrained by other
responsibilities or by other institutional structures; funding or purchasing can be highly constrained [17];
access to design and construction resources can be difficult [16]; and some products, especially those used
in basic or applied research settings, might only be produced once and used for only one project, making
traditional product scaling models inappropriate.

In most cases, our approach envisions professional representatives of service providers as end-users.
In the context of this paper, these users are referred to as “partners” and are co-designers of the product,
which is intended to solve problems they have identified. The problem is most commonly related to a gap
in knowledge or feedback, as previously described.

In some other cases, the end-user is simultaneously the subject of monitoring and the recipient of
the data—for example, a feedback display offering a family real-time feedback on their indoor air quality.
In all cases, lines of communication and feedback between product designers and other stakeholders must
be made explicit and must inform one another. Often, market pressures that define the quality, accessibility,
or marketability of new products look very different in the global engineering context. The network
of stakeholders can also be complicated, containing many moving parts that must be accounted for.
Because data is only actionable if a complex systems approach is adopted by implementers [18], iteration
is a critical component to designing in complex systems [19]. We therefore identify iterative processes
between each design phase.
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Despite an apparent emerging consensus around the inappropriateness of remote design [20], we have
demonstrated some benefits to collaboration at a distance, enabled through the use of cloud-based
computer-aided design (CAD) software and persistent online communication. Strengthening the
feedback between in-house and in-field rapid prototyping processes is vital in our context. In addition,
by embracing non-traditional manufacturing technologies, design iteration can continue far into the
product lifecycle. Up-to-date modifications can be made to the product based on field and stakeholder
feedback. State-of-the-art software tools can be used to improve communication between every stakeholder:
the engineer, the field technician, the manufacturer, and the implementing partner.

Some literature acknowledges the “expert” status of stakeholders beyond the expertise of the product
designer [3,21]. Design for high-quality service delivery requires an acknowledgment of the roles of
experts in product design, realities in the field, and the needs and capacity of partners. At different
phases of the design cycle, these roles take varying levels of primacy. By clearly defining the roles of these
stakeholders in a design process and by acknowledging the expertise of each, a structured design approach
can developed.

Figure 1 outlines our proposed design process by which feedback from partners and field collaborators
can inform the product design effort by helping the designer iterate, while Table 1 expands on our definition
of stakeholder roles during each phase of product development.

Figure 1. Proposed product design for service delivery approach, including the roles and feedback between
each design stakeholder (Design Phases 1–5). Iterative product design processes occur between product
development phases (Iteration Phases A–C).
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Table 1. Design Phases.

Phase Roles Complexity Iteration

1 Partner identifies gap in service delivery. Low -
2 Negotiation process finds an idealized product that serves the partner’s

needs and aligns with the designer’s capabilities.
Low Brainstorming

3 Designer prototypes internally, aligning product with idealized vision
from Phase 2.

Low Rapid
Prototyping

4 Collaborator physically tests prototypes in the field, providing
feedback. Partner provides feedback regarding alignment with their
customers’ needs.

Medium Field Prototyping

5 Field deployment occurs on a pilot project scale. Designer is provided
with customer feedback from partner and installation feedback from
collaborator.

High Pilot Project

6 Service delivery impacts, product adoption, and value are measured in
order to demonstrate the product’s performance.

High -

Project Phase 1: Need

Service providers are aware of issues regarding the efficiency of their services, maintenance of their
infrastructure, and communication with their customers. Projects in this space result from identification
of gaps in information or feedback systems that can alleviate these issues or from the recognition of an
opportunity to improve service delivery.

Project Phase 2: Planning

The planning phase focuses heavily on the needs of the partner and how the capabilities of the
designer can help meet these needs. The goal is to produce a vision for how a product may function to
address the identified service need.

Project Phase 3: Prototyping

Initial prototyping occurs within the rapid prototyping environment. The designer balances internal
capabilities with inputs from the partner regarding desired capabilities and inputs from the collaborator
regarding broad site information. The goal is to produce a minimum viable product for field testing
as rapidly as possible. Simulations of the field environment may be used to improve the resilience of the
product but should not replace field testing and the other rounds of prototyping it triggers.

An integrative rapid prototyping process, informed by new data from the field, will often continue
through many design iterations. Each new round of field testing kicks off a new round of rapid prototyping
(Figure 1, A).

Project Phase 4: Field testing

The result of the initial prototyping phase of product development is put in the hands of the
collaborator, who begins to test the product in situ. Generally this phase will occur in a small number of
pilot locations representative of the systems managed by the partner. This phase is heavily focused on
feedback from the collaborator. In most cases, the designer must iteratively respond to field information,
providing multiple redesigns in virtual and physical form. We call this field prototyping (Figure 1, B).

Project Phase 5: Deployment

Following any necessary rounds of field prototyping, a pilot project is often very useful before
beginning full-scale deployment, providing critical feedback before manufacturing begins (Figure 1, C).
Once the product has fulfilled the desired capabilities of the partner, the collaborator has confirmed that the
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product aligns with field conditions, and the designer has done all due diligence to create a high-quality,
safe, and scalable product, manufacturing and deployment can begin. Deployment should be accompanied
by continued feedback from partners and collaborators to improve the odds of high demonstrated value.

Project Phase 6: Demonstration

Most products designed for this context fail to demonstrate enough value to go to scale or to
measurably impact livelihoods.

Value can be demonstrated through improved efficiency or outcomes; improved operations and
maintenance capabilities; access to useful knowledge that was previously locked away; or improved lines
of communication with customers. Demonstration of a product’s utility usually comes down to changes
in important metrics—for example, a decrease in the total number of hours an average pump in a fleet
spends offline.

4. Roles of Stakeholders in a Service Delivery Design Setting

4.1. Roles of Designers and Collaborators

The taxonomy introduced in this paper is an attempt to codify the roles of three main stakeholders
(individuals or organizations) in the design of products to improve service delivery in low-income,
resource-constrained settings. The partner might be a government office, a utility, or a utility’s employee.
The designer might be an engineering company or a non-profit, a design team within some larger
organization, or a single mechanical or industrial engineer. A collaborator might be a team of enumerators
on staff, a community health worker, or a field staff member.

Designers

Designers lead the process of product design. In order for a product to be well designed for reliability
and scalability, the expertise of the designer must be multifaceted:

• Designers must be experts in product design in order to contribute successfully to projects that
alleviate poverty or improve global health. This may seem self-evident, but others have noted the
prominent role of students and engineers untrained for the low-income context in low-resource
product design [20].

• Designers must have a deep knowledge of material science in order to properly envision and design
an appropriate product. Inappropriate material choices can result in premature product failure or
suboptimal behavior.

• Designers must have deep knowledge of manufacturing processes in order to enable any degree of
scale or even a successful pilot project. Designing products without manufacturing knowledge will
result in suboptimal parts.

• Designers hold responsibility for the sustainability and safety of their designs [21]. It is therefore
necessary for the head designer or design team to have knowledge about product lifecycles and the
impacts of design decisions.

• Designers must approach design problems from a high-level, systems view. Innumerable product
failures in development engineering projects can be tracked back to a singleminded focus on the
product itself, failing to take the context fully into account [22]. Designers should be part of a larger
team that includes experts in program evaluation in order to assess the impacts of products and
programs [23].

• Designers must have knowledge of the context in which their products will be used [21,22]. Some of
this knowledge can come second-hand from design collaborators and partners, but it is highly
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advantageous and often critical for the designer to also visit the areas in which his or her products
will be used.

• In our context, the designer must also serve as a mediator between the partner and the field design
collaborator. The designer is effectively the project manager in terms of product design.

Field Design Collaborators

Field design collaborators are the eyes and ears of the designers. They are experts in the local
environment in which products will be deployed, gaining this expertise both by immersion and by active
measurement efforts, for example, by thoroughly documenting an infrastructure site prior to installation
of instrumentation. Efficiently and rapidly producing a product requires simultaneous access to rapid
prototyping tools and environmental data specific to the product’s context. Combining these roles is often
impossible in our context due to constraints on manufacturing capabilities [24]. Balancing these constraints
requires a mediator between the designer, focused on hardware prototyping, and the environment in
which installation and use will occur.

Although we share a broad concern about the inability of designers to solve problems outside
of their known context, reliable local or embedded design collaborators can reduce these risks while
allowing design engineers to contribute globally. Feedback from the field provides critical elements
to the rapid prototyping process but is often unavailable in direct co-location to the intended market.
Remote design between collaborators working virtually has been critically examined [25], supporting
the use of communication technologies as platforms with similar outcomes to face-to-face activities.
Other research has indicated good design results with good flow of information between a design expert
and an environmental expert, a role functionally similar to the design collaborator described here [26].
A special focus on the relationships between different types of local and dispersed experts improves project
success [27].

4.2. Roles of Partners

In our case, partners are water, sanitation, and energy service providers and supporting implementing
agencies. In general, our products seek to enable service providers to inform their actions with access to
more or to better data. The most important question in such a context is whether the data is actionable,
requiring well-designed feedback systems in addition to the technology and data generated by the
project [28].

Partners are experts in the context of their role as a government, utility, or business providing resource
access to their customers or constituents. They also are experts in the ways in which their funding, data,
or regulatory structures fall short in successfully providing these resources.

Partners often lack access to data that could improve their efficiency, operations and maintenance
schemes, systems-level approaches, customer feedback systems. Monitoring tools have a significant role
to play in helping service providers meet the goals of the SDGs regarding access to safe drinking water,
allowing service providers to respond to the needs of their customers [29]. Identification of the data that
could improve the strength of these systems falls heavily on the shoulders of these service providers.
The role of communication with the customer is clearly within the partner’s wheelhouse, although at times
the product or service provided by our design team might serve to improve this. An example is given in
one of the case studies in a following section.



Sustainability 2019, 11, 6717 7 of 16

4.3. Roles of Markets

This category refers to new information to inform product design that is gathered prior to the product
entering the market. In some cases, this may be during a pilot project, but it more often refers to updates
to design information gained between deployments or projects.

The literature describes numerical approaches to dealing with uncertainties by minimizing risks
while maximizing the versatility of products in an iterative optimization process [30], an approach that
acknowledges the high level of uncertainty that exists in the developing market context. Others have
attempted to deal with market uncertainties in low-income settings by taking a “hybrid design” approach
in which incremental product improvements are offered following a small initial investment by the
customer [5].

The design approach described in this paper requires agile design and production strategies since it
assumes changes in design requirements as more information becomes available.

5. Case Studies

In this section, we describe three case studies to demonstrate some of the design approaches we take in
the service delivery context, in pursuit of stronger systems to support human health in resource-constrained
environments: a sanitation service monitoring technology in Kenya; a water flowmeter technology in
Kenya; and a water storage monitoring technology in Sierra Leone. In each case, we embrace an idea
similar to hybrid design, in which a reliable universal gateway can be used to rapidly respond to changing
or emerging partner needs through the development of new accessories, like the examples shown in
Figure 2. A single gateway can help partners collect a wide variety of data.

Universal

 Gateway

Partner 

Dashboard

Satellite or GSM

Upload

Cistern Level

Accessory

Flowmeter

Accessory

Hand Pump

Accessory

Figure 2. A hub-and-spoke design maximizes system reliability by maintaining an existing gateway design
while responding to new needs by developing new accessories.
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5.1. Sanitation Service Monitoring

The passive latrine use monitor (PLUM) was an early example of how IoT data could inform the
impact of sanitation services on health [31]. Passive infrared (PIR) sensors can collect occupancy data
based on movement within a latrine. A PLUM logs this data locally or transmits it to a server for analysis.
Our team continued this work by implementing cellular telemetry capabilities, with the research goal of
quantifying latrine use to help evaluate public health interventions [11]. In this case study, we highlight the
importance of feedback between design stakeholders and the iterative relationships between design phases.

Sanergy Inc. is a social enterprise in Nairobi, Kenya. Sanergy works to improve access to sanitation
technologies in unplanned settlements by franchising their Fresh Life branded latrines to local franchisees,
Fresh Life Operators (FLOs). FLOs charge a fee for each latrine use, simultaneously developing a business
model and improving access to safe sanitation. FLOs are expected to maintain the cleanliness of the latrine.
Unlike a pit latrine, Fresh Life toilets contain liquid and solid waste bins designed for easy transportation.
Sanergy staff empty these bins on a daily or nearly daily basis, and the waste is converted into fertilizer
and feed stock.

Based on the perceived inefficiency of emptying every latrine every day, we sought to use cellular
transmitted sensor data to give waste collectors real-time data about fill levels in a group of pilot latrines.
The initial research question was whether access to fill data could improve waste collectors’ efficiency by
prioritizing only latrines that had a chance of filling before the next collection cycle. During the planning
phase (Figure 1, Design Phase 2), we identified a set of possible sensors that could provide useful data
to Sanergy.

An initial pilot phase saw the co-deployment of three sensor types in three latrines with the goal of
zeroing in on one sensor. Following rapid prototyping (Figure 1, Iteration Phase A) with a scale model
in the lab, a weight sensor, liquid bin pressure sensor, and PIR occupancy sensor were evaluated in the
field (Figure 1, 4). Low correlations between the liquid fill level and the solid fill level were observed,
eliminating the pressure transducer option. The weight sensor was accurate but expensive to produce and
difficult to install. A good correlation was observed between PIR data and weight data in the three pilot
latrines, so the PIR was selected as a basis for a new product design. At this point, the product design
cycle was essentially reset back to the rapid prototyping phase (Figure 1, A).

Sanergy operations staff were interested in gathering data about waste collector routes, including the
time of collection, the specific collector, and information about the status of the latrine. Waste collectors
confirmed that SMS would be an ideal way to receive information from the PLUM sensors, rather than an
online dashboard or some other form of feedback. Sanergy field officers facilitated conversations with
FLOs to obtain their desired product capabilities.

A small team of enumerators were hired during the project to collect data, install sensors, and provide
feedback to the design team. These collaborators co-designed a field weighing system to collect liquid
and solid container data and moved with waste collectors on their routes. These data were used to
calibrate, ground-truth, and evaluate fill estimates from sensors in both the pilot and deployment phases
of the project.

During the pilot phase of the project, multiple instances of a FLO attempting to communicate with
Sanergy to solve maintenance issues in their latrine were observed. Conversations with FLOs identified
this communication gap as important to proper operation of Sanergy’s network of latrines. Based on
these conversations, a new desired capability emerged for the product: a mechanism that could leverage
the sensor network to improve lines of communication between FLOs and Sanergy maintenance teams,
creating a rapid line of communication between end-users and our partners.
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Based on these various sources of feedback during prototyping, a field prototyping process
(Figure 1, B) was undertaken in order to augment the existing capabilities of the PLUM. The goal was to
integrate feedback from two levels of partners on the project:

• Enable near-real-time tracking of waste collector visits to latrines and their decisions to service or not
service the latrine;

• Incorporate a system for quick communication between FLOs in the project and Sanergy’s
maintenance staff.

To facilitate future capabilities and upgrades, the original PLUM was designed using a modular
manufacturing approach. The main enclosure is injection-molded polycarbonate with a molded silicone
gasket and has been extensively tested in the field. The PIR housing external to the enclosure is industrially
3D printed with marine-grade potting material used to weatherize external electronics. By modifying the
external housing, additional capabilities can be unlocked without compromising internal functionality.
As shown in Figure 3, an off-the-shelf radio frequency identification (RFID) reader was incorporated into
the enclosure along with tamper-resistant mounting provisions for use with a bracket designed for the
Sanergy latrines.

Figure 3. The original passive latrine use monitor (PLUM) design (left) was modified with a laser-cut custom
bracket and industrial 3D-printed enclosure (right) to incorporate a RFID reader and tamper-resistant
mounting system.

Product piloting (Figure 1, C) followed the field prototyping phase. A total of 40 sensors were
installed in latrines along a high-use route. The installation team was made up of the enumerators
described as collaborators above and a Sanergy field manager. A machine learning system was used to
automatically generate SMS messages informing waste collectors when they could safely skip servicing
a latrine without risk of overflow. Adherence to these generated schedules was tracked through RFID
swipes from waste collectors.

RFID swipes from FLOs automatically generated salesforce work orders, integrating into Sanergy’s
existing work order system, decreasing the number of steps and the complexity of communication required
to register a maintenance issue, and ensuring that maintenance staff followed up on it.

This project did not go to scale in Sanergy’s fleet of 700+ latrines. The goal was to explore possible
service route optimization strategies. Following a quasi-experimental study described elsewhere [13],
Sanergy found that the most useful element of the design was the RFID system to improve communication
between FLOs and Sanergy staff. Sanergy is now piloting a project that would more directly incorporate
this capability into their service delivery model.
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5.2. Water Flow Monitoring

Our team has installed hundreds of satellite- and cellular-connected sensors that monitor current draw
from pumps on water infrastructure in Kenya and Ethiopia. An initial cellular capability was identified by
our field design collaborator and partners as insufficient given the poor network coverage. The resultant
satellite-connected instruments are now deployed across the region. The data collected are pump runtimes,
which can be used to estimate water extraction [14,32].

In some cases, higher-accuracy water volume data could enable stronger regulatory environments
in order to drive down the prevalence of non-revenue water (NRW). NRW is defined as water resources
lost before reaching paying customers and is particularly acute in developing markets. The World Bank
estimates that in developing countries, NRW surpasses 4 billion dollars annually, with 45 million cubic
meters lost daily through water leakage in the distribution networks—enough to serve nearly 200 million
people. An additional 30 million cubic meters are delivered every day to customers but are not invoiced
because of pilferage, employee corruption, and poor metering. This directly affects the capacity of utilities
in emerging markets to become financially viable and fund necessary expansions of service, especially for
the poor [33].

While installing borehole sensors, staff members began to report on the prevalence of existing
flowmeter infrastructure during site visits. Recent literature has pointed to existing infrastructure as
useful beyond its intended purpose [34], and our own research has used sensors primarily intended for
improved service delivery to also examine more academic elements of water resource management [14].
While these meters were originally installed to be read manually, they present an opportunity to begin to
quantify actual flow data to reduce misreading and the labor burden through IoT retrofit, without requiring
expensive new infrastructure installations. This, coupled with prior requests for high-resolution flow data
from a number of partners, established a need for the project (Figure 1, 1).

Photographs of a number of flow meters photographed by SweetSense Inc. (Denver, CO) staff in the
field were compiled to examine the range of existing, functional mechanical flowmeters that might be
available for IoT retrofit (Figure 1, 2).

Two representative flowmeters were purchased, one in Kenya and the other in the United States,
similar to those observed in operation in northern Kenya. The two meters differed in dimension but worked
using the same operating principles. A rapid prototyping process (Figure 1, A) was used to develop a
sensor that could interface with either of these meters. This process was undertaken as rapidly as possible,
with the foreknowledge that field requirements would not match the conditions in the lab. An initial
prototype serves as a point of initial comparison for the collaborator, in this case a staff engineer for
SweetSense Inc.

A minimum viable prototype was shipped to our collaborator in Kenya along with a gateway that
was programmed to gather data from the prototype. A number of new design constraints were generated
by this field-testing process, (Figure 1, 4):

• Varying geometries: It was found that the first prototype could not fit some flowmeter faceplates
at existing installations. Flowdometer geometries would need to be modified more completely to
accommodate varying flowmeter designs.

• Solar resource variations: Many existing flowmeters were housed inside opaque, tamper-resistant
boxes. This removed the solar resource available to the accessory. A battery would need to replace
the solar panel as the Flowdometer’s source of energy.

• Installation feedback: Collaborator feedback indicated that a better system for ensuring that
installation had been carried out properly was required. A feedback LED would need to
be incorporated.
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Following field testing, a field prototyping cycle was completed (Figure 1, B). The next version of the
product incorporated an internal battery and a more modifiable outer plate to accommodate a wider range
of existing infrastructure.

The new prototype was evaluated during a second round of field testing (Figure 1, 4). The redesigned
Flowdometer was compatible with a greater range of flowmeters but was still too large for some common
models. The orientation of the battery would need to be changed to decrease the profile of the device.
In addition, collaborators discovered that some existing mechanical flowmeters had provisions for a reed
switch incorporated in the field. A way to connect existing reed switches to the prototype would be ideal.

By rapidly responding to feedback from collaborators and by rapidly producing new product designs
that can be tested in the field, we can quickly adjust to the local context. The V3.0 prototype is now
undergoing field testing. Based on collaborator feedback, the orientation of the accessory now allows
for installation on smaller faceplates; the solar panel has been replaced by a battery; an indicator LED
has been included; and external reed switch hookup provisions have been added. Depending on further
testing and field feedback, another round of field prototyping may be undertaken before deployment as
part of a pilot project.

5.3. Stored Water Monitoring

In partnership with the Guma Valley Water Company in Freetown, Sierra Leone, we are undertaking
a pilot project exploring the use of distributed sensor networks to track drinking water resources in
near-real-time. Water service delivery in Freetown, Sierra Leone, is currently sporadic and difficult
to manage, partially because a distributed network of drinking water cisterns are filled and emptied
unpredictably. Cistern filling is accomplished with water trucking, making efficiency a high priority.
A sensor accessory that can update a dashboard with the current fill level of these cisterns could help the
Guma Valley Water Company prioritize water trucking to cisterns with low existing water levels, giving a
birds-eye view of water use, supply, and resource requirements in the city.

Figure 1, 2, Planning: The customer and the designers outlined a set of desired capabilities to address
the lack of timely cistern fill data. The goal of measuring existing water levels inside cisterns, along
with estimates of daily use and fill-testing capabilities, were compared against the capabilities of possible
solutions including flowmeters and pressure transducers.

Figure 1, 1, Internal Prototyping: As shown in Figure 4, an off-the-shelf weatherized distance sensor
(MaxBotix, Brainerd, MN, USA) was interfaced with a custom circuit board to take and transmit distance
readings. The electrical components are mounted inside an off-the-shelf enclosure modified with 3-axis
mill engraving and precision cuts for o-rings. The prototype printed circuit board (PCB) was routed on
a 3-axis desktop mill. Autodesk (San Francisco, CA, USA) Fusion 360 and EAGLE software packages
maintain an associative connection with the manufacturing capabilities in the lab.

In-house PCB prototyping dramatically decreases the time required for the first phase of the design
cycle by cutting out the weeks-long waiting period for professional PCB manufacturing. After initial testing
has validated the PCB design, sample PCBs can be ordered with a high chance of success. Combining
3D printing with desktop milling provides a low-cost solution to rapidly iterating and testing two-sided
circuit boards.

An in-house cistern simulator, with an 8 foot water column that can be filled and emptied to random
levels with a microcontroller, was used to validate the output of the sensor.
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Figure 4. The initial rapid prototyping phase of sensor development is accelerated by milling printed circuit
board (PCB) prototypes using an associative 3D-printed fixture to enable rapid, high precision two-sided
PCB milling.

Collaborator feedback provided site information to define the mechanical requirements for the
product (Figure 1, 3). Local Sierra Leone collaborators provided photographs and dimensions of potential
field installation infrastructure (Figure 5). Outdoor cisterns of 10,000 L capacity and 2000 L indoor kiosk
cisterns were identified for prototype installation. By combining collaborator-provided photographs with
manufacturer specs, the design team developed 3D models of the planned installations, virtually testing
mechanical interfaces between the existing infrastructure and the product.

Figure 5. Collaborator feedback is crucial to effectively using remote design to improve early product
prototypes. In this case, collaborators provided a few photographs and hand measurements to allow the
design team to develop a virtual kiosk cistern prior to deployment.

Initial planning calls have used these virtual systems to communicate design and installation intent,
and to solicit feedback. It is important to note that in this phase, the complexity of the design is minimal
and product complexity should be kept as low as possible with the foreknowledge of more complex
prototyping and deployment environments.
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This project is currently in the prototyping phase (Figure 1, 3), moving into the field testing phase
(Figure 1, 4). Design iteration will now occur through field prototyping (Figure 1, B), with a heavy emphasis
on feedback between the design team and the collaborator team. A field testing installation of 3 CISTERN
sensors, communicating via radio with satellite gateways, were installed in August 2019. Design engineers
and collaborator staff will install these initial sensors together. The field prototyping process will begin as
feedback from sensor data, and local collaborators is moderated by the design team. A co-design process
will be undertaken to adapt an existing dashboard framework to the use case.

6. Discussion

Our proposed design approach to support service providers in low-income settings builds on,
and contrasts against, other established design methodologies.

The design approach proposed in this paper builds on Lean Design, including a particular focus on
feedback loops between different types of designers and their customers, and iterative techniques [35].
Lean Design is widely used to improve manufacturing operations and product quality, rather than being
applied to original product design. Lean Design is focused on optimizing products while minimizing
wasteful operations. Lean approaches may not be suitable to our context since it traditionally relies on
iteration to converge to a solution, without the added distance design benefits of product simulation [36].
Others have pointed to geographical distance as a serious limitation to the Lean Design approach [37],
calling into question the applicability of this process in the context of global development.

Set-based concurrent engineering (SBCE) is emerging as a design-focused alternative to Lean Design.
SBCE frames design solutions as optimization problems that need to account for overlapping sets
of feasibility within a design space, attempting to narrow in on a final design early in the design
process [38]. However, from its very conception, SBCE has been contingent on teams in firms that
develop “deep technical expertise in both its engineering and management ranks.” [39]. The SBCE
approach is again a response to managing the complexity of large machine systems, such as automobiles
or aircraft. Our experience indicates that the complexities of deployed products themselves are dwarfed
by the complexities of the deployment context and that field deployment is a necessary step towards
design optimization.

Design thinking theory is defined by a focus on value creation stemming from a deep understanding
of the intended product user. A heavy focus is placed on empathy and iteration. Design thinking has
gained traction as a more participatory process by allowing non-designers to play a designer role, as has
the idea of applying design theory to management functions [40]. Recently, the definition of design
thinking appears to have shifted in this direction, describing the use of design-like skillsets in non-designer
professions [41]. In the international development context, design thinking has been championed by IDEO
(Palo Alto, CA, USA) and has become difficult to discern from the human-centered design movement. Like
SBCE, design thinking in this context attempts to eschew traditional, linear design processes in favor of
overlapping design spaces [42]. Design thinking’s focus on an empathetic relationships between a product
designer and an end-user are valuable but are less applicable to projects co-designed by product designers
and service providers than the design theory presented here.

The case studies presented demonstrate where remote design has been successfully applied to help
close some of the contextual barriers that often cause products to fail [20]. Using advanced CAD tools to
integrate collaborator feedback before deploying the first prototypes to the field for testing can increase
the odds of a successful and fruitful first deployment. During the planning phase of a project, a virtual
environment representing a minimally complex deployment environment is used to decrease the number
of field prototyping iterations required for a successful product roll-out. This approach is similar to virtual
design theory [43] but differs in a significant way: where virtual design is a response to the requirements
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of large, multi-disciplinary design teams, design for service delivery attempts to decrease the complexity
of the design process by clearly defining the roles of disciplines involved, especially for small teams
spread across large distances. Where virtual design is a response to “large, complex project[s]” [44] or for
simulating complex mechanical behavior prior to manufacturing [45], our design approach is a response
to complex deployment environments.

7. Conclusions and Future Work

Recent design literature has laudably called for engineers’ participation in efforts to address global
poverty, access to basic resources, and public health concerns. The same literature points to an increased
interest in the engineering and design communities in doing high-impact work. As a part of developing a
coherent theory of global engineering, distinct from project-based models or consumer-focused product
design, this paper contributes to design approaches supporting service delivery.

Service design thinking is a relatively recent theory that attempts to pivot market logic away from the
exchange of goods towards a focus on service provision [46]. As such, this reframing is highly compatible
with our design approach. This design theory is co-evolving with the emerging field of “service science”,
which attempts to reframe markets in terms of “service systems” through which goods are a service
distribution mechanism rather than the main driver of exchange [47]. Service design thinking appears to
currently be converging with the more mature field of design thinking [48] and is too young to evaluate as
effective or ineffective in our context.

At a time when engineering students and professionals are eager to contribute to poverty alleviation
and public health programs, design approaches and products that support the professionalized delivery
of critical services may be an increasingly valuable contribution.
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