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Water-lifting technologies for irrigation have significant potential to increase agricultural yields and stimulate
economic growth in rural areas of the developing world. Human-powered water pumps have been used with great
success in this rapidly developing market. KickStart's MoneyMaker Hip Pump is a human-powered water pump
with additional design features that make it lightweight and portable for use in remote fields in several countries
throughout Africa. This work first applied numerical optimization techniques to the design of the MoneyMaker
Hip Pump and offers further improvements to its design. Deterministic multi-objective optimization methods were
employed to maximize the flow rate of the pump, maximize the pumping height of water, and minimize cost.
Following optimization, the robustness of the optimized pump design was analyzed under several modified
scenarios, including fouling of the hoses and a decrease in operator power due to fatigue or aging. The set of cost-
optimized pump designs was then compared to a second set of optimal designs that was found using material
volume as a simplified proxy for the cost objective function. Findings indicate that several technical improve-
ments can be made to the current MoneyMaker Hip Pump design to reduce cost by up to 37% without affecting
water flow rate, or increase water flow rate by up to 88% without increasing cost. The numerical model was
validated through physical experimentation of the MoneyMaker Hip Pump, and design alterations to reduce cost
were experimentally shown to maintain pump performance.
1. Introduction

Rural villages in developing countries face many hardships, including
a lack of basic infrastructure, insufficient health care facilities, limited
educational opportunities, little access to clean water and energy, long
workdays completing household tasks, and sparse opportunities for
entrepreneurship and economic growth (Bolay et al., 2014; Johnson and
Bryden, 2012, 2013). Governmental and non-governmental organiza-
tions have provided significant financial and material aid over the last
sixty years, but the extent of poverty in rural areas has remained largely
unchanged (Polak and Warwick, 2013). In contrast to traditional hu-
manitarian aid in which governments and large organizations act as in-
termediaries, market-based approaches seek to increase economic
activity in developing countries via entrepreneurship. Market-based
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strategies can be more effective than traditional aid because they use a
bottom-up approach to boost local business development and increase
individual income (Cooney and Williams Shanks, 2010).

Many development organizations target the agricultural sector of
developing countries because subsistence agriculture or small-scale
farming is the primary occupation in rural areas (Magistro et al.,
2004). Reliable irrigation techniques have been shown to increase crop
yields by at least 100% and at most 400% (Food and Agriculture Orga-
nization of the United Nations, 2000). The resulting increase in crop yield
translates to increased sales and income, and can allow farmers to
cultivate higher-value crops and adopt new technologies. The rise in
income allows farmers to expand arable land and further increase pro-
duction and income each season. This incremental, yet significant,
improvement is attainable without conventional pumping techniques
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that require substantial financial investment relative to income. For
instance, diesel pumps are effective for irrigation but the capital cost and
fuel costs prohibit use by many subsistence farmers (Polak, Nanes,
Sample).

Human-powered pumps are a popular option for farmers with small
plots of land given the low capital cost and operating cost (International
Development Enterprises - Nepal, 2011). Perhaps the most ubiquitous of
these is the foot-powered treadle pump, invented by the Norwegian en-
gineer Gunnar Barnes in the 1970s (Bolay et al., 2014) and first intro-
duced in Bangladesh (Orr et al., 1991). Since the inception of the treadle
pump, companies such as International Development Enterprises (IDE)
and KickStart have re-designed the treadle pump and introduced a va-
riety of other human-powered pumps. Current treadle pump designs can
draw water from depths reaching 7m at flow rates up to 5 L/s (Orr et al.,
1991; Bielenberg and Allen, 1995). Human-powered pumps have helped
numerous subsistence farmers transition out of poverty (Polak and Yoder,
2006; Shah et al., 2000; Mangisoni, 2008; Fisher, 2006).

The basic treadle design was modified by KickStart to meet consumer
demands for portability and to permit hand operation instead of foot
operation (Sijali et al., 2011). The resulting MoneyMaker Hip Pump (see
Fig. 1) has a suction lift of 7m. The pump is also capable of delivering
water with a head of up to 7m, but the typical use case is usually closer to
3m (KickStart, 2009).

Human-powered pumps are an effective irrigation solution for many
subsistence farmers but problems have been observed during deploy-
ment. For instance, from 1995 to 2005 treadle pumps were freely
distributed to farmers in Malawi. However, 60% of the pumps were not
put to use (Chidanti-Malunga, 2009). Evidence suggests that the scarcity
of spare parts and lack of well-organized markets restricted adoption
(Mangisoni, 2008). Studies have also indicated that adoption might be
improved through modifying the socio-economic system in which pumps
are distributed and operated (Mangisoni, 2008; Kamwamba-Mtethiwa
et al., 2012).

Data suggests that treadle pump output is typically small and is in-
dependent of the body type of the operator (Chidanti-Malunga and
Yamikani, 2011). These performance barriers of human-powered pumps
are one factor limiting their adoption. It is also clear that adoption rates
are closely related to ease-of-use. Work by Lewis et al. led to the creation
of a modular treadle pump design that could be reconfigured with
additional components to achieve progressively higher pump perfor-
mances (Lewis et al., 2010, 2015). In that work, a series of pump designs
began with a low-cost module that could be expanded with a
higher-performing module once earnings increased as a result of using
the basic pump design. Design trade-offs between cost and performance
Fig. 1. The MoneyMaker Hip Pump (a) as a computer model (Kickstart,
2013), and (b) during use (Kickstart, 2015).
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of the treadle pump have been explored through design optimization and
engineering analysis but limited studies have been completed for
hand-powered pumps (Santaeufemia et al., 2014).

This work developed a volumetric fluid model of the MoneyMaker
Hip Pump and applied multi-objective optimization techniques to
maximize flow rate, maximize delivery head, and minimize cost. The
resulting set of optimized solutions (referred to as a Pareto set) sought to
balance the competing objective functions. Optimal pump designs were
further analyzed under several scenarios, including fouling of the hoses
and decreased operator power through fatigue or aging, to assess the
robustness of the optimal designs. Finally, experimental verification of
the volumetric fluid model and partial validation of the optimization
results was undertaken.

2. The physical system

Design specifications for the MoneyMaker Hip Pump include drawing
water from a well up to 7m deep, transporting the water at ground level
through a hose approximately 18m in length, and pumping water up into
a tank of 3m in height (Kickstart, 2013). Tank placement of 3m above
ground is the typical use case specified by Kickstart and is within the
maximum rated water delivery head of 7m.

Fig. 2 shows the MoneyMaker Hip Pump with all physical dimension
variables labeled. The inner and outer diameters of the pump inlet hose
were denoted by x1 and x2, whereas x9 and x10 denoted the inner and
outer diameters of the outlet hose. The inner and outer diameters of the
pump cylinder were denoted by x3 and x4, respectively. Variables rep-
resenting inner and outer diameter were constrained according to a
regression analysis presented in this work. The length of the piston was
denoted by x8, and the length of the piston's stroke was denoted by x5.
The variables x6, x7, x11 and x12 described the position of the pump
relative to the water source and the tank. These were closely related and
heavily constrained according to a standard use configuration supplied
by Kickstart (2013). The operation of the pump was further described by
x13 and x14 (forces applied during the downstroke and the upstroke) and
x15 and x16 (velocities of the downstroke and the upstroke). Variables x1
through x12 represented lengths and diameters, and were measured in
meters (m); x13 and x14 were forces, measured in Newtons (N); and x15
and x16 were velocities, measured in meters per second (m/s).

3. Numerical optimization

This work employed numerical optimization techniques to identify
technical improvements and cost reductions to the MoneyMaker Hip
Pump. Specifically, multi-objective optimization was utilized to examine
the effect of the design variables on the conflicting objective functions for
flow rate, height of the tank, and projected pump cost. This yielded a set
Fig. 2. Design dimensions, forces, and velocities of the MoneyMaker
Hip Pump.



Table 1
Summary and descriptions of design variables.

Variable Description Units

x1 Inner diameter of the inlet hose m
x2 Outer diameter of the inlet hose m
x3 Inner diameter of the main pump cylinder m
x4 Outer diameter of the main pump cylinder m
x5 Length of stroke m
x6 Horizontal distance from pump to well m
x7 Depth of well m
x8 Length of piston rod m
x9 Inner diameter of outlet hose m
x10 Outer diameter of outlet hose m
x11 Horizontal distance from pump to tank m
x12 Height of tank m
x13 Force applied during downstroke N
x14 Force applied during upstroke N
x15 Velocity of downstroke m/s
x16 Velocity of upstroke m/s

Table 2
Constant values for objective functions (Kickstart, 2013).

Constant Description Value

CU Cost of union between cylinder and valve box 0.75 USD
CPC Cost of pump cylinder 1.96 USD
CSW Cost of small washer 0.31 USD
CLW Cost of large washer 0.45 USD
CHR Cost of handle rod 1.57 USD
CSC Cost of splash cup 0.74 USD
CIPL Cost of inlet plate 0.88 USD
COPL Cost of outlet plate 1.09 USD
CTPL Cost of top plate 1.09 USD
CN Cost of nipple 1.05 USD
COP Cost of outlet pipe 1.13 USD
CIP Cost of inlet pipe 1.07 USD
CHDPE Volumetric cost of HDPE 3808 USD/m3

x1;R Reference value of x1 0.017m
x3;R Reference value of x3 0.045m
x4;R Reference value of x4 0.05 m
x5;R Reference value of x5 0.632m
x8;R Reference value of x8 0.687m
x9;R Reference value of x9 0.019m
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of cost-optimized solutions. This set of solutions was then compared to
solutions produced using a simplified objective function that computed
material volume as an approximation of cost. An economic approxima-
tion that uses volume as a proxy for cost might be used in early stages of
design, before manufacturing methods and materials have been selected.
The accuracy of such approximations is important because much of a
product's final cost is committed during the early stages of design (Cor-
bett and Crookall, 1986; Ullman, 1992).

3.1. Methodology

This section introduces the objective functions, constraints, and
algorithmic approach used in the optimization study.

3.1.1. Objective functions
The optimization study included three objective functions. The first

objective function, water flow rate, was computed as

F1ðxÞ ¼ ηV0:25π⋅x
2
3x5⋅

�
x5
x15

þ x5
x16

��1

: (1)

In this equation, the terms x5=x15 and x5=x16 compute the length of
time required for a downstroke and upstroke, respectively. A summation
of these together gives the total time required for one cycle of the pump.
During one cycle, the volume of water moved is equal to the volume of
the cylinder, computed as 0:25π⋅x2

3x5. Dividing the volume of the cylin-
der by the time for one cycle yields the average flow rate of water sup-
plied by the pump. The variable ηV denotes the volumetric efficiency of
the pump. When referring to a hydraulic pump, volumetric efficiency is
the ratio of actual fluid flow from the pump to theoretical fluid flow
(without leakage). This value is estimated as 99% (on the order of 1mL/s
leakage), and is representative of low leakage that would be expected for
a recently manufacturing pumpwith little wear. This value is subjected to
robustness analysis in subsequent sections to ascertain the effects of
increased leakage on overall pump performance.

The second objective function, tank height, was defined simply as

F2ðxÞ ¼ x12: (2)

The third objective was formulated in two different ways. The first
formulation, denoted by FC

3 , computed the projected cost of a pump using
the known cost of components in theMoneyMaker Hip Pump. The second
formulation, denoted by FV

3 , used material volume as a proxy for cost
with a simplified equation set.

The cost objective, FC
3 , accounted for the bulk material cost of hoses

and used scaling relationships to estimate the cost of other components:

FC
3 ðxÞ ¼ Ch;in þ Ch;out þ Ccyl þ Cpist þ Cbody (3)

Ch;in ¼ π
4
CHDPEðx6 þ x7Þ

�
x22 � x21

�
(4)

Ch;out ¼ π
4
CHDPEðx11 þ x12Þ

�
x210 � x29

�
(5)

Ccyl ¼ CU

�
x4
x4;R

�
þ CPC

�
x4 � x3

x4;R � x3;R

��
x5
x5;R

�
(6)

Cpist ¼ CSW

�
x3 � 0:006
x3;R � 0:006

�2

þ CLW

�
x3
x3;R

�2

þ CHR

�
x8
x8;R

�
þ CSC

�
x4
x4;R

�
(7)

Cbody ¼ CIPL

�
x1
x1;R

�2

þ COPL

�
x9
x9;R

�2

þ CTPL

�
x3
x3;R

�2

þ CN

�
x3
x3;R

�

þ COP

�
x9
x9;R

�
þ CIP

�
x1
x1;R

�
(8)

The function FC
3 was defined as a linear combination of terms with
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each term describing the cost of a specific pump component. These terms
include a reference cost for each component that is scaled with respect to
the value of the design variables that impact the cost of the component
(e.g., length of cylinder, diameter of cylinder). Cost and sizing constants
associated with each term in FC

3 are provided in Tables 1 and 2. These
components account for the largest and most expensive components in
the MoneyMaker Hip Pump. Smaller components (e.g., gaskets or
spacers) would not vary significantly in cost between different designs
and were therefore omitted from the cost function in the interest of
simplicity. The evaluation of design alternatives looks at comparisons
between optimized designs rather than the absolute pump production
cost.

This work also sought to simplify the cost objective function, FC
3 , with

a volume-based objective function, FV
3 . The volume-based objective

function assumed that (1) the cost of the pump was dictated primarily by
material costs and (2) the pump was composed of material with a uni-
form cost. Although these assumptions are simplifying and may reduce
accuracy, they would be required in the absence of detailed cost infor-
mation necessary to evaluate FC

3 . Estimating costs of materials and
manufacturing processes may add error if such estimates are inaccurate.
By comparing results from the cost-based analysis and volume-based
analysis, this work sought to assess the appropriateness of using vol-
ume as a proxy for cost during the optimization of human-powered
pumps. The volume-based objective function was defined as:

FV
3 ðxÞ ¼ Vh;in þ Vh;out þ Vcyl þ Vpist (9)



Table 3
Equality constraints used in optimization model.

Equation Description

h1ðxÞ : x2 � 1:094x1 � 0:0028 ¼ 0 Relationship between inner and outer diameter of inlet hose
h2ðxÞ : x4 � 1:094x3 � 0:0028 ¼ 0 Relationship between inner and outer diameter of pump cylinder
h3ðxÞ : x10 � 1:094x9 � 0:0028 ¼ 0 Relationship between inner and outer diameter of outlet hose

h4ðxÞ : HLðx6 þ x7; x16 ; x1Þ þ HLð0:5x5; x16; ηVx3Þ þ x7 þ 0:5x5 þ x216
2g � HPðx14; x3Þ ¼ 0 Constraint to solve fluid equation during upstroke

h5ðxÞ : HLðx11 þ x12; x15; x9Þ þ HLð0:5x5; x15 ; ηVx3Þ þ x7 � 0:5x5 � x215
2g � HPðx13 ; x3Þ ¼ 0 Constraint to solve fluid equation during downstroke

h6ðxÞ : x7 � dwell ¼ 0 Depth of well
h7ðxÞ : x6 þ x11 � dhoriz ¼ 0 Constraint on horizontal distance from tank to well
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Vh;in ¼ π
4
ðx6 þ x7Þ

�
x22 � x21

�
(10)

Vh;out ¼ π
4
ðx11 þ x12Þ

�
x210 � x29

�
(11)

Vcyl ¼ π
4

�
x24 � x23

�
x5 (12)

Vpist ¼ π
4
D2

pistx8 þ
π
4
x23tcup (13)

3.1.2. Constraints
Optimization was performed with respect to several constraints.

Equality constraints are provided in Table 3 and inequality constraints
are provided in Table 4. Equality constraints h4 and h5 were expressed
using functions HL and HP to make those constraint equations more
succinct. HL represents the major head loss in a pipe or hose and was
defined as

HLðL;V ;DÞ ¼ 10:67L⋅ð0:25πD2VÞ1:85
C1:85

HW D4:87
; (14)

where Lwas the length of the hose or pipe, Dwas its diameter, and V was
the velocity of the fluid. The function HP represents the head added by a
pump, and was defined as

HPðF;DÞ ¼ F
ρg⋅ð0:25πD2Þ ; (15)

where F was the force that the pump applies, and D was the diameter of
the pump cylinder. The degree of leakage past seals in the piston-cylinder
assembly largely depends on the quality of the seals used, an aspect
which was not addressed in the analysis. For that reason, water leakage
was assumed to be negligible.

Equations for h1, h2, and h3 provided relationships for the inner and
outer diameters of the inlet hose, pump cylinder (similar in size and
composition to a plastic pipe), and outlet hose. The relationship dictating
these equations was developed by applying ordinary least-squares
regression to a set of available pipe and hose diameters provided by
Kickstart (see Fig. 3). Plastic pipes and hoses were evaluated separately
and it was found that the relationship between inner and outer diameters
followed similar trends. Therefore, a single linear fit was created to
Table 4
Inequality constraints used in optimization model.

Equation Description

g1ðxÞ : x13x15 � ηMPdown � 0 Upper limit on average downstroke power
g2ðxÞ : x14x16 � ηMPup � 0 Upper limit on average upstroke power
g3ðxÞ : x5 þ x8 � dshoulder � 0 Upper limit on top extent of stroke
g4ðxÞ : dknee � x8 < 0 Lower limit on bottom extent of stroke

g5ðxÞ : tcycle �
�

x5
x15

� x5
x16

�
� 0

Minimum cycle time

g6ðxÞ : x5 � x8 � 0 Piston must be longer than cylinder
g7ðxÞ : x14

0:25πx23
� pvp � 0 Protects against cavitation during upstroke
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describe this relationship (shown in Fig. 3 as a thick line). Fig. 3 also
indicates sizes of the hose and cylinder currently available for the
MoneyMaker Hip Pump.

Inequality constraints were implemented to model a variety of
physical phenomena and human factors (see Table 4). Constraints g1 and
g2 restricted the power that could be applied by the pump operator
during the downstroke and upstroke, respectively. The limiting power
values of Pdown and Pup were calculated from human experimental data
derived a combination of male and female users (data provided by
Kickstart (2013). Using these average power values to constrain the
optimization problem provided a means of implicitly relating the force
and velocity to pump operation. This ensured that an average user would
be able to operate any pump resulting from this work. This relationship
does not account for user fatigue that may occur by quickly operating the
pump with extremely fast strokes or extremely forceful strokes. A later
section of this paper investigates the robustness of pump performance to
decreased operator power in lieu of a data-driven time series model on
user fatigue. Table 5 provides additional parameters and constants used
in the inequality constraints listed in Table 3.

Values for dwell and dhoriz were set by Kickstart as the most common
use case of the MoneyMaker Hip Pump (Kickstart, 2013) with values for
dshoulder and dknee approximated based on the maximum stroke length
during operation of the pump. The robustness of the optimal pump
design choice was assessed against these approximations.

The mechanical transfer efficiency dictates how efficiently the power
applied to the pump (by the operator) is transferred to the working fluid.
In the MoneyMaker Hip Pump, mechanical transfer efficiency is reduced
Fig. 3. Relationship between inner and outer diameter of hoses, used in
equality constraints during optimization (error term for coefficients indicates
95% confidence interval).



Table 5
Parameters and constants.

Constant Description Value

Pdown Average power supplied during downstroke 27.7W
Pup Average power supplied during upstroke 33.7W
dshoulder Average height of shoulder 1.3 m
dknee Average height of knee 0.5m
tcycle Lower limit on cycle time 3 s
g Gravitational constant 9.8 m/s2

CHW Hazen-Williams coefficient for water 140
ρ Density of water 1000 kg/m3

dwell Depth of well 7 m
dhoriz Distance from well to tank 18m
pvp Vapor pressure of water 101.3 kPa
ηM Mechanical transfer efficiency 90%
ηV Volumetric efficiency 99%

Fig. 4. Pareto set resulting from optimization study using cost objec-
tive function.
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by frictional losses in the piston-cylinder assembly. These losses occur
from sliding friction between the seal and the cylinder wall, and sliding
friction between the piston shaft and the top cap of the cylinder. The
latter may be exacerbated by imperfect alignment of the piston within the
cylinder. A mechanical transfer efficiency of 80% has been used in other
work that evaluated human-powered water pumps (Lewis et al., 2010).
The pumps evaluated in that work utilized axles and levers in addition to
water-lifting pistons. A higher mechanical transfer efficiency of 90% was
assumed given that the MoneyMaker Hip Pump has a direct-driven
piston.

The mechanical transfer efficiency (ηM) and volumetric efficiency
(ηV ) describe the efficiency of specific features of the pump – the overall
system efficiency (ηSYS) of the pump includes these and other terms. The
value of ηSYS can be computed by comparing the total energy input to the
pump during one full stroke to the total potential energy added to water
during that stroke. This implicitly accounts for volumetric efficiency and
mechanical transfer efficiency, as well as major and minor head losses
that comprise the majority of system efficiency reductions. Because the
head losses in hand-powered water pumps are usually substantial, the
overall system efficiency is typically on the order of 10–20%. System
efficiency can be increased through larger hoses, smoother materials, and
shorter runs.

3.1.3. Optimization algorithm
Results of a multi-objective optimization problem are described as a

Pareto set. The ε-constraint method was used to resolve the Pareto set in
this work (Cohon, 1978). This technique was instituted by specifying
target values for F1 and F2 through two additional equality constraints

h8ðxÞ : F1ðxÞ � QT ¼ 0 h9ðxÞ : F2ðxÞ � HT ¼ 0; (16)

where QT and HT are target values from the flow rate and tank height,
respectively. The introduction of these equality constraints reframed the
original multi-objective optimization problem as a single-objective
optimization problem which could be solved by minimizing either FC

3

(for cost-optimized pump designs) or FV
3 (for volume optimal pump de-

signs). Optimal solutions in the Pareto set were found through system-
atically varying the value of these targets to create a set of single-
objective optimization problems.

The solution to each of these single-objective problems was found
with the sequential quadratic programming algorithm from the MATLAB
optimization toolbox. This algorithm solves the quadratic programming
subproblem with routines proposed by Spellucci (1998) and Tone
(1983), and completes a merit-function line search to determine the step
size in design variables (Byrd et al., 1999). The algorithmwas terminated
when first order optimality was satisfied to within 10�6 and the
maximum constraint violation was 10�6. This process was repeated 100
times for each optimization problem using initial conditions chosen
uniformly at random within the design space. This randomized
multi-start methodology increased the opportunity to identify the global
27
optimum because a single starting point may converge on a local
minimum.

3.2. Results and discussion

The optimization problem was solved to produce two sets of optimal
solutions: optimal solutions using the cost objective function (FC

3 ), and
optimal solutions using the volume objective function (FV

3 ). The cost-
optimized results were then subjected to a scenario-based robustness
analysis performed to explore solution efficacy against uncertainties in
environmental or anthropogenic factors. Finally, these volume-optimized
results were compared to the cost-optimized results.

3.2.1. Cost-optimized results
Multiple combinations of tank height and flow rate were evaluated

during the exploration of the solution space. The target flow rate ðQTÞ
was varied from 0.02 L/s to 0.40 L/s in increments of 0.02 L/s. The target
tank height ðHTÞ was varied from 0m to 3m in increments of 1m. The
multi-start optimization procedure described in Section 3 was completed
for each combination of values. Fig. 4 illustrates the Pareto set from this
procedure. The cost and performance of the existing MoneyMaker Hip
Pump design was simulated using the equations presented in this paper
for tank heights of 0 m and 3m and is displayed on Fig. 4 with two di-
amonds. Simulated results of the existing MoneyMaker Hip Pump are
situated to the upper-left of the cost-optimized pump designs in Fig. 4
(behind the Pareto set), suggesting that Kickstart could improve upon its
current design. Specifically, the cost of the pump can be kept constant
while increasing the flow rate by more than 30% (for a 3m tank design)
or by more than 80% (for a no-tank design). The cost of the pump could
similarly be decreased while maintaining performance characteristics
(both tank height and flow rate).

The optimal pump designs shown with circle markers in Fig. 4 are
further detailed in Table 6 and in Fig. 5. These pump designs were
selected for comparison because they offer specific design improvements
to the current MoneyMaker Hip Pump. Specifically, representative de-
signs③ and④maintain the flow rate of the current MoneyMaker design
while minimizing cost (for both no tank and tall tank cases), whereas
representative designs ⑤ and ⑥ maintain the same cost as the current
MoneyMaker while maximizing flow rate (for both no tank and tall tank
cases). Dimensions of the MoneyMaker Hip Pump are also given in
Table 6. Further, all designs from Table 6 are shown graphically in Fig. 5.

These representative designs from the Pareto set of optimized pumps
indicate that several improvements can be made to the MoneyMaker Hip



Table 6
Dimensions of MoneyMaker and representative designs along the Pareto set.

MoneyMaker
No Tank

MoneyMaker
Tall Tank

Same Flow
Min Cost
No Tank

Same Flow
Min Cost
Tall Tank

Max Flow
Same Cost
No Tank

Max Flow
Same Cost
Tall Tank

F1 0.181 L/s 0.167 L/s 0.180 L/s 0.180 L/s 0.340 L/s 0.220 L/s
F2 0.00m 3.00m 0.00m 3.00m 0.00m 3.00m
F3 30.17 USD 31.48 USD 18.93 USD 24.96 USD 30.43 USD 29.99 USD
x1 0.0210m 0.0210 m 0.0146m 0.0170m 0.0225m 0.0188 m
x2 0.0220m 0.0220 m 0.0188m 0.0215m 0.0274m 0.0234 m
x3 0.0450m 0.0450 m 0.0404m 0.0404m 0.0478m 0.0410 m
x4 0.0500m 0.0500 m 0.0471m 0.0470m 0.0550m 0.0477 m
x5 0.6320m 0.6320 m 0.5000m 0.5015m 0.6516m 0.5792 m
x6 3.0000m 3.0000 m 18.0000m 18.0000m 18.0000m 18.0000m
x7 7.0000m 7.0000 m 7.0000m 7.0000m 7.0000m 7.0000 m
x8 0.6870m 0.6870 m 0.5000m 0.5015m 0.6516m 0.5792 m
x9 0.0190m 0.0190 m N/A m 0.0148m N/A m 0.0213 m
x10 0.0220m 0.0220 m N/A m 0.0191m N/A m 0.0261 m
x11 15.0000m 15.0000m 0.0000m 0.0000m 0.0000m 0.0000 m
x12 0.0000m 3.0000 m 0.0000m 3.0000m 0.0000m 3.0000 m
x13 117.2 N 136.2 N 6.2 N 62.5 N 6.2 N 45.0 N
x14 123.7 N 123.7 N 130.0 N 129.6 N 150.0 N 125.5 N
x15 0.2128m/s 0.1831 m/s 4.0000m/s 0.3986m/s 4.0000m/s 0.5538 m/s
x16 0.2449m/s 0.2449 m/s 0.1469m/s 0.2210m/s 0.2019 m/s 0.2413 m/s
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Pump. Designs that maintain a similar flow rate to the current product
while minimizing cost (i.e. representative designs ③ and ④ in Fig. 5)
show that the MoneyMaker is somewhat over-designed. A significant
amount of material can be removed by shortening the piston, decreasing
the diameter of hoses, and minimizing the length of the outlet hose.
These changes could decrease the cost of the pump by anywhere from
21% (for the tall tank case) to 37% (for the no tank case) without
sacrificing performance.

Designs that maintain a similar cost to the current product while
maximizing flow rate (i.e. representative designs ⑤ and ⑥ in Fig. 5)
show that small design modifications can improve the product's func-
tionality. For representative design ⑤, optimized for use without a tank,
the flow rate can be increased by 88% by increasing the inner diameter of
the inlet hose, eliminating the outlet hose, and increasing the diameter of
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the piston/cylinder assembly. The flow rate of representative design ⑥,
optimized for a tall tank, can be increased by 32% by locating the pump
immediately next to the tank, increasing the inner diameter of the outlet
hose, decreasing the inner diameter of the inlet hose, and decreasing the
length of the piston/cylinder assembly. These simple changes maintain
the current pump cost while greatly increasing flow rate.

The above representative designs highlight the importance of pump
location relative to the well and tank. Kickstart's standard use case in-
dicates that the pump should be located approximately 3m away from
the top of the well (horizontally). However, the optimization process
located the pump either directly over the well (for low flow rate designs)
or at the tank (as demonstrated by the example designs in Fig. 5). The
placement of optimized pump designs is shown in Fig. 6 as a function of
the flow rate. For pumps that were optimized for zero tank height
Fig. 5. Schematics showing differences between Money-
Maker and representative designs.



Fig. 6. Location of optimized pump designs. Fig. 7. Comparison of partial solution vectors for different optimal flow rates.
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(indicated by the solid line), the pump location switched from the well to
the tank at a flow rate of approximately 0.09 L/s. For all non-zero tank
heights (indicated by the dashed line), the location switched at approx-
imately 0.17 L/s.

The similarity between optimal solutions was also of interest –

whether design variables took on similar values (allowing the parts of the
same size to be used on multiple pumps) or if designs were drastically
different. This was examined by computing the aggregate difference
between the values of solution variables. Specifically, we defined a par-
tial solution vector

~x ¼ ½x1; x2; x3; x4; x5; x8; x9; x10� (17)

which contained all variables except those that described the length of
hoses (x6, x7, x11, and x12), and the operation of the pump (x13 through
x16). The omission of those variables shifted the emphasis to the manu-
factured body of the pump, which contributes the majority of the cost in
the MoneyMaker Hip Pump and is difficult to modify once produced. The
difference between two optimal designs was then quantified using the L2-
norm of the subtractive difference between partial solution vectors:

dij ¼
��~xi � ~xj

��: (18)

In the above equation, ~xi and ~xj are the partial solution vectors cor-
responding to two optimal designs. This metric was used to perform a
comparison of the cost-optimized solutions obtained for each value of
optimal flow rate (see Fig. 7). Specifically, every curve in the plot is a
comparison between pumps that were optimized for two different tank
heights. The x-axis indicates the flow rate that the pumps were originally
optimized against, and the y-axis shows the value of d (computed using
Equation (16)). A high value of d means that two pump designs are
dissimilar.

All differences were approximately zero for optimal flow rates below
0.08 L/s. This indicates that the optimal solution values for low flow rates
were independent of optimal tank height. For optimal flow rates greater
than 0.08 L/s, the designs for non-zero tank height continued to be
similar to one another (solid lines in Fig. 7), while the zero tank height
solutions began to differ from them (dash lines in Fig. 7). For flow rates
greater 0.18 L/s, all comparisons showed significantly non-zero
differences.

Fig. 7 indicates that the dimensions of optimal designs are indepen-
dent of tank height for some conditions. Specifically, pump designs
optimized for low flow rates (below 0.08 L/s) were optimal for any tank
height from 0m to 3m. Pump designs optimized for moderate flow rates
(from 0.09 L/s to 0.18 L/s) were simultaneously optimal for tank heights
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from 1m to 3m, but not 0m. In other words, pumps that are optimized
for low flow rates can be highly effective across a range of tank heights.
The same is true to a lesser extent for pumps optimized for moderate flow
rates.

These findings are noteworthy because they have implications for the
development of a product platform with modular components to meet
different user needs. A single pump design can be used at low flow rates
(below 0.08 L/s) across multiple tank heights, indicating that multiple
product lines (a product family) are not necessary for target markets in
that flow rate range. At medium flow rates (between 0.08 L/s and 0.18 L/
s) a different develops between pumps designed for zero tank height and
any pumpwith a non-zero tank height – this points to the development of
two product lines for medium flow rates. At high flow rates (above
0.18 L/s) a higher number of product lines may be necessary, as signifi-
cant differences appear between pumps optimized for different tank
heights.

3.2.2. Robustness analysis of cost-optimized results
The previous section provided optimized pump designs for specific

operating conditions. However, products are commonly deployed and
then used under a variety of operating conditions. This challenge was
confronted by examining several scenarios with different operating
conditions under which the pumps were not optimized. These four
modified scenarios were:

1. Decrease in the interior diameters of the hoses — caused by either
organic or inorganic fouling;

2. Decrease in the stroke length — pump is operated by someone of
small stature;

3. Decrease in power transferred to water — operator is fatigued/weak
or mechanical transfer efficiency of pump decreases;

4. Increase in well depth — water depth varies by location or season;
and

5. Decrease in volumetric efficiency — aging and wear of the pump
components causing increased leakage.

Each scenario was explored through 5%, 10%, and 20% changes in
the relevant values. Pump design robustness under these scenarios was
assessed in two steps. First, the target parameter in each scenario was
varied by the appropriate percentage. Next, the flow rate of the pumpwas
maximized with respect to the operator input (x13, x14, x15, and x16), All
other parameters were held constant and relevant constraints from Ta-
bles 2 and 3 were accounted for during this process. This procedure was
repeated for all optimal pump designs discovered through the multi-
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objective optimization. The decrease in flow rate was computed for each
solution, and the results are shown in Fig. 8. The horizontal axis refers to
the optimal flow rate from the initial optimization of the pump, while the
contours indicate the decrease in actual flow rate caused by the modified
scenario. The vertical axis indicates the tank height for which the pumps
were optimized.

Decreases in hose inner diameter yielded the greatest decrease in
pump performance (see Fig. 8, first row). Surfaces in those contour plots
are highly multi-modal. This reflects the tightly coupled nature of con-
straints associated with minor head losses in the hoses, the energy bal-
ance, and the operator input power to the pump.

The impact of decreases in the operator's power output was low for
pumps optimized for low flow rates and low tank heights (see Fig. 8,
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second row). For higher optimal flow rates and tank heights, however,
lower operator power resulted in larger decreases in water flow rate. This
scenario is closely tied to modeling assumptions for mechanical transfer
efficiency. Decreased operator power could occur as a result of operator
fatigue or increased friction (decreased mechanical transfer efficiency) in
the pump.

Decreases in the operator's stroke length appear to have a consistently
positive correlation with decreases in flow rate for most pumps that were
optimized for flow rates below 0.3 L/s (see Fig. 8, third row). This trend
was expected when noting that the length of the piston stroke (assumed
to be 100% during optimization) directly affects how much water the
pump could draw in one cycle. Decreasing the available cylinder volume
in this way necessarily decreases the flow rate of the pump. Increases to
Fig. 8. Percent decrease in flow rate for modified
scenarios.
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well depth (see Fig. 8, fourth row) had the least impact with a decrease in
flow rate of less than 1% for all cases below flow rates of 0.3 L/s, indi-
cating that optimal pumps could provide a constant water flow rate for
deeper wells if the operator selects an appropriate speed and force for
operating the pump.

The final row in Fig. 8 shows the result of drastically decreasing the
volumetric efficiency of the pump (i.e. greatly increasing pump leakage).
This could occur as pump seals wear down and become less effective. For
most optimal pump designs, the relationship between the change in
volumetric efficiency and the change in performance was linear, much
like the effect of decreased stroke length on performance. However,
pumps that were optimized for high flow rates (above 0.3 L/s) experi-
enced large decreases in flow rate. This indicates that the quality and
expected life of seals in the pump should be an important concern when
manufacturing this pump.

Pumps that were optimized for lower flow rates (below approxi-
mately 0.1 L/s) displayed high robustness, particularly with respect to
changes in operator power output. A similar trend has been identified for
IDE-style treadle pumps in other work (McComb et al., 2016). This may
indicate that high robustness to operator input for low flow rates may be
a general characteristic of human-powered pumps.

3.2.3. Comparison to volume-optimized results
The multi-objective optimization problem was again solved after

replacing the cost objective function (FC
3 ) with a simplified volume-based

objective function (FV
3 ). The projected cost of the volume-optimized so-

lutions was then computed using Equations (3)–(8), thus allowing direct
comparison between the results of each optimization study. The purpose
behind this comparison was to assess the accuracy of using volume-based
objective function as a proxy for projected cost. This is an insightful
comparison because decisions made in early stages of the design process
have a large impact on a product's final cost, at a point when detailed cost
models may not be available (Corbett and Crookall, 1986; Ullman, 1992).

Pump cost increased for all solutions found using the volume-based
objective function (compared to solutions found using the cost-based
objective function). This was because the cost-based optimization study
specifically searched for and found solutions with lowest projected cost.
Therefore, any other solution found using the volume-based objective
function would have equal or higher projected cost. Fig. 9 shows the
percent increase in cost as a function of optimal tank height and optimal
flow rate. The increase in cost was well below 10% for most operating
conditions. However, for pumps that were designed for high flow rates
increase in projected cost increased by up to 80%.

Examining differences between design variable values resulting from
Fig. 9. Comparison of projected costs between cost-optimized and volume-
optimized solutions.
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volume- and cost-based objective functions offered another form of
comparison. The L2-norm of the difference between partial solution
vectors was used to compare parameters between cost-optimized designs
and volume-optimized designs. This comparison is shown in Fig. 10 as a
function of optimal flow rate and optimal tank height. Higher values
indicate that the solutions are different, while lower values indicate that
the solutions are similar.

Fig. 10 indicates that a simplified volume-based objective function
was capable of providing solutions that were similar in projected cost.
The large region of Fig. 10 that corresponds to a cost increase of less than
10% illustrates that this was true across a large range of both lift height
and flow rate. However, Fig. 10 shows that the agreement between so-
lution variables using the two optimization approaches was not univer-
sal. Significant departures in both solution parameters and projected cost
were found at (i) high flow rates and low tank heights, and (ii) high flow
rates and high tank heights. For moderate flow rates and non-zero tank
heights, there was close agreement for the projected cost but non-
negligible differences were present in design parameters.

Based on this analysis, it is possible to conclude that the validity of
using a volume-based approximation for the cost of a product is highly
dependent on the design requirements of that product. Volume can be
used to approximate cost for design problems involving a low flow rate
but this method of approximation generally weakens at high flow rates.
Further work is necessary to determine whether this relationship can be
generalized for other human-powered water pumps.

4. Experimental verification and validation

Following the completion of the numerical optimization study, an
experiment was designed to rapidly verify the quality of assumptions
made in modeling the MoneyMaker Hip Pump as well as to validate the
efficacy of a design changes suggested in the numerical portion of this
work.
4.1. Methodology

The first objective of this experiment was to validate assumptions
made in modeling the physical system. This can be accomplished by
assessing the overall system efficiency of the pump system, given as:

ηSYS ¼
ρgVcycleðx7 þ x3Þ
ðx13 þ x14Þx5 ; (19)

where Vcycle is the volume of water lifted by the pump during one cycle.
Fig. 10. Comparison of solution parameters between cost-optimized and
volume-optimized solutions.
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The numerator of the equation computes the potential energy added to
this volume of water. The denominator computes the work done on the
pump by the operator during one single pump cycle (one upstroke and
one downstroke). Comparing the values of ηSYS computed from numerical
simulations to those computed from experimental data would make it
possible to assess the overall quality of the numerical model.

The second objective of this experiment was to validate the efficacy of
potential design changes recommended by the optimization results. The
numerical optimization showed that small design changes (i.e. repre-
sentative designs③ and④ in Fig. 5) could significantly decrease the cost
of the MoneyMaker Hip Pump without sacrificing performance. The
primary difference between these optimized designs and the current
product is a decrease in the cylinder/piston length to approximately
0.5 m. An experimental comparison of the current product to a modified
version with a shorter cylinder/piston assembly would provide valida-
tion of this design recommendation.

Fulfilling the two objectives above required the experimental mea-
surement of two quantities: force applied to the pump by the operator
and volume of water pumped. A MoneyMaker Hip Pump was instru-
mented to measure these quantities and an experimental environment
was constructed to adhere closely to the typical use case specified by
Kickstart (with the exception that a 4m deep well was used due to facility
limitations). Three experimental conditions were assessed:

1 MoneyMaker Hip Pump in standard configuration with no tank.
2 MoneyMaker Hip Pump in standard configuration with 3m tank.
3 Modified MoneyMaker Hip Pump in standard configuration with 3m

tank. For this condition, the effective cylinder length was reduced to
0.5015m.

For each of these experimental conditions, five 1-min pumping epi-
sodes were conducted to afford rapid evaluation and comparison. Con-
ditions 1 and 2 provided baseline operational characteristics for the
pump, making it possible to compute experimental efficiency values and
fulfill the first experimental objective. Comparing the flow rates achieved
in Conditions 2 and 3 made it possible to assess the second experimental
objective.
4.2. Results and discussion

Experimental results for overall efficiency and flow rate are summa-
rized in Table 7. Mean values are provided with estimates of standard
deviation.

Assessing the first experimental objective requires a comparison of
the experimental system efficiency of Conditions 1 and 2 with the cor-
responding efficiencies computed for equivalent simulated systems. The
simulated efficiency (using the experimental model from Section 3) is
10.0% for Condition 1, and 15.9% for Condition 2. This aligns closely
with the average experimental efficiencies (11.1% and 15.2%, respec-
tively) indicating that the system-level characteristics of the numerical
model are veridical. This generally lends credence to the numerical re-
sults shared in this work.

Evaluating the second experimental objective simply requires a
comparison of the average flow rates achieved for Conditions 2 and 3.
Condition 2 tested the unmodified MoneyMaker Hip Pump whereas
Condition 3 tested a pump that was optimized to offer the same perfor-
mance at a lower cost. The optimization study predicted that lower cost
could be achieved without sacrificing performance primarily by
Table 7
Summary of experimental results.

Condition 1
Moneymaker with no tank

Average efficiency (%) 11.1� 1.3
Average flow rate (L/s) 0.073� 0.002
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shortening the pump cylinder/piston assembly (see representative de-
signs ③ and ④ in Fig. 5). The experiment flow rates for these conditions
(see Table 7) are not statistically different, indicating that this design
modification achieves the desired goals. Manufacturing pumps with
these recommended dimensions could decrease cost by up to 21% and
make the pump lighter and more portable, all while maintaining
performance.

In sum, these experimental results support the numerical findings
offered in Section 3 of this paper. The overall efficiency of the nu-
merical model is very close to the overall efficiency of the physical
system, indicating a sound modeling approach. Further, one of the
design recommendations made in the optimization study was directly
validated.

5. Conclusion

This work applied detailed engineering analysis and experimentation
to a ubiquitous piece of technology that has been deployed in developing
countries, and uncovered several improved design alternatives. Specif-
ically, this work used deterministic multi-objective optimization tech-
niques to optimize the physical construction of the MoneyMaker Hip
Pump, a lightweight hand-operated water pump. First, the Pareto set for
cost-optimized pumps was developed and examined. Second, the
robustness of each cost-optimized pump was examined for a variety of
modified scenarios. Third, the optimization was repeated using a volume-
based formulation as a simplified proxy for the cost-based formulation.
These numerical results were compared, discussed, and then experi-
mentally validated. The results from this work indicated that multi-
objective optimization could be a viable means of maximizing the per-
formance of the MoneyMaker Hip Pump while maintaining a constant
cost, or minimizing cost while maintain constant performance. Some of
the major findings that resulted from this work were:

� Optimized pumps from this work offer alternative designs to improve
the current MoneyMaker Hip Pump design on cost and performance
merits, with a 37% reduction in cost for a fixed flow rate or an 88%
increase in flow rate for a fixed cost.

� The current MoneyMaker Hip Pump can be redesigned to decrease
cost while maintaining performance by decreasing hose diameters
and decreasing the diameter and length of the main cylinder. The
current design can also be modified to deliver higher flow rates at the
same cost by increasing the diameter of the inlet hose and increasing
the diameter of the cylinder assembly. See Table 6 for specific design
recommendations.

� Optimized pumps were located either directly over the well for low
flow rates (below 0.09 L/s for zero tank height, or below 0.17 L/s for
non-zero tank height), or at the tank for higher flow rates, but never in
between the tank and the well. This finding could provide a rule of
thumb for future design and operation.

� Pumps that were optimized for low flow rates (less than 0.08 L/s)
were highly effective across a range of tank heights. This was also true
to a lesser extent for pumps that were optimized for moderate flow
rates (0.08–0.18 L/s). For higher flow rates (greater than 0.18 L/s) the
dimensions of optimal solutions were highly dependent upon tank
height. This information could be used to efficiently produce a
product family of pumps.

� Increases in the depth of the well had little impact on the performance
of the optimized pump designs. This indicates that an optimized
Condition 2
Moneymaker with tall tank

Condition 3
Modified Moneymaker with tall tank

15.2� 3.0 16.5� 0.7
0.070� 0.004 0.069� 0.003
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pump can maintain performance across water table depths that vary
by location or season.

� Decreases in hose diameter due to fouling had a substantial impact on
the performance of the pumps. Hose material should be selected with
this consideration in mind. Increases in leakage could also affect
pump performance. Therefore, seals should be selected for longevity
and details of the pump designed for easy seal replacement.

� Decreases in stroke length had a one-to-one correspondence to pump
flow rate (e.g. a 10% decrease in stroke length results in a 10%
decrease in flow rate). Therefore, it is important that operators take
full strokes to maximize pump performance.

� Decreases in stroke force or speed supplied by the operator can
greatly decrease flow rate for some cases. However, pump designs
optimized for low tank heights or low flow rates are robust and
maintain consistent flow rates despite drops in stroke force or speed.
Those pump designs are preferred for sustained operation or for use
by elderly individuals.

� Experiments with the MoneyMaker Hip Pump revealed high agree-
ment between the system-level efficiency predicted with the numer-
ical model and that measured in the actual pump. These experiments
also specifically validated the prediction that pump modifications can
decrease cost by approximately 37% while maintaining performance.
However, the predicted 88% increase in flow rate for a pump of the
same cost has not been validated.

Pumps optimized for low flow rates (below 0.1 L/s) were robust
across a variety of different conditions. These pumps were also capable of
functioning at optimal performance for all tank heights. Further, these
low flow pumps have small overall dimensions making them easily
portable. For these reasons—robustness, versatility, portability — the
low flow rate pump designs identified in this work are recommended for
further development.

It is unclear if the volume-based objective function (which returned
accurate results for low flow rates) can be generalized to other human-
powered products. Similar comparisons should be made for other prod-
ucts in future work to assess the generalizability of this method to other
human-powered products. Other future work should explore the inter-
action between modified use scenarios, and incorporate product modu-
larity concepts to explore the development of several distinct pumps as a
line of products with interchangeable components. In addition, more
detailed optimization could be accomplished by utilizing finite compu-
tational approaches for computing fluid flow and stresses in the com-
ponents of the pump. Finally, a greater understanding of operator fatigue
should be incorporated into the optimization approach used here. This
could be accomplished through data-driven models of human physiology
or through direct experimentation in extended pumping episodes. Ulti-
mately, this work demonstrates that the application of advanced engi-
neering principles to global development practices can create low-cost,
high-value products that benefit development organizations, businesses,
and end users throughout the world.
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