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Abstract
This thesis seeks to develop a culturally appropriate agricultural processor to be used for
processing baobab fruit throughout developing countries in Sub-Saharan Africa. Baobab is a
nutritious fruit that, when properly processed, results in a dry, powdered substance that can be
easily added to food or drink for seasoning and nutritional purposes. In regions of the world
where food security is a significant concern, the development of an inexpensive, sustainable, and
effective method for processing baobab fruit can greatly improve the lives of rural inhabitants.
In addition, creating a standardized method for processing baobab can allow the fruit to be
internationally exported, adding value to local economies.
Currently, there are only three existing methods of processing baobab, and these
techniques span a wide range of economic, technological, and educational requirements. By
comparing the current methods to one another and using principles of empathic design, a set of
criteria necessary for a developing world agricultural processor was determined. Using these
criteria, a sustainable, inexpensive, and culturally-appropriate prototype was designed.
Fabrication and testing of this agricultural processor prototype provides proof of its effectiveness
at processing baobab relatively quickly and without overexertion of the user. The success of this
design indicates that a more effective and less arduous solution for processing baobab can be
made available to rural inhabitants of Sub-Saharan Africa.
Additional testing and design requirements could greatly improve the capability of this
prototype, and further work could allow for the design and fabrication instructions to be
available to rural Africans via open source technology.
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1. Introduction
1.1 The Origins of Poverty
Though the terms “first world” and “third world” are used commonly to symbolize the
great economic and social differences between developed and developing countries, the origin of
this tremendous gap in the quality of life is rarely discussed. While there is awareness of the
differences in wealth, technological knowledge, and health between first and third world
countries, the reasons behind this inequality are largely unexplored. Despite a growing
movement within developed countries to provide help to less-developed nations, the lack of
knowledge about the nature and origins of the third world often limits the effectiveness of
solutions. By understanding the factors that contributed to the creation of the third world,
practical and sustainable solutions for developing countries can be more easily designed.
In the book Late Victorian Holocausts, Mike Davis identifies three factors that combined
in the late nineteenth century and culminated in a series of disastrous events to create the
foundation for the third world as we know it today. These three “massive and implacable
cogwheels of modern history” meshed together to slowly crush the inhabitants of certain world
regions, foreshadowing the great divide that exists today (Davis, 2001). Davis describes these
three forces to be: extreme climatic events, the late Victorian economy, and New Imperialism
(Davis, 2001). Weaving these factors together with the analysis of historical economic and
climatic records, Davis paints a portrait of an irrepressible chain of events that resulted in
approximately thirty to fifty million deaths and environmental devastation throughout various
world regions in less than thirty years.
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Over the period of time between 1876 and 1902, several droughts occurred at different
times in South America (specifically, Brazil), Northern Africa (specifically, Morocco), India, and
China because of extreme fluctuations in Pacific Ocean temperature (Davis, 2001). These
fluctuations in Pacific Ocean temperature are known as El Nino and La Nina; El Nino represents
an unusual warming of Pacific Ocean water when easterly winds blowing off the coast of South
America fail, while La Nina represents the unusual cooling as a result of intense easterlies
(NOAA). The system of fluctuations in ocean temperature responsible for the aforementioned
droughts is collectively known as El Nino Southern Oscillation, or ENSO (NOAA).
While the inhabitants of these regions were acclimated to periodic droughts, the lack of
rainfall during the late nineteenth century was unprecedented. The effects of ENSO left the
inhabitants of affected areas unable to grow enough crops, incapable of feeding themselves or
their livestock, and with little prospect for survival. As the days of drought continued, people
were forced to resort to more extreme methods of survival. Rural inhabitants made long,
strenuous journeys of hundreds of miles to reach urban areas with the hope of finding work or
food, but instead found more hunger and rampant disease (Davis, 2001). Families sold anything
of value – furniture, clothing, and their homes – for a small portion of rice or grain.
At the same time rural inhabitants in Northern Africa, China, India, and South America
were battling famine, western countries were expanding their influence in these regions in an age
of New Imperialism. The philosophy of New Imperialism prompted western countries to enter
the suffering regions and establish their own doctrine of ownership. The primary reason for the
expansion of western countries was economics; by conquering and controlling as much land as
possible, these countries could gain exotic commodities, crops, and labor from the inhabitants.
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Once a western country took control of a new land, the regions were pillaged to gain
more materials and strategic crops (many non-food) were planted to be exported for production
and consumption. In times of adequate rainfall, farmers and rural workers were made to grow
only what the government decided upon, and all of what was grown was immediately sent west
(Davis, 2001). Because of the large economic demand for non-food crops, many farmers elected
to plant crops that provided no nutritional benefit (e.g. cotton). As a result of both New
Imperialism and economic demand, regions that were already suffering heavily from intermittent
droughts were also thrust unexpectedly and without preparation into the world economy.
For the inhabitants of the suffering countries, little was done by anyone to eliminate or
alleviate the suffering from famine, resulting in the death of millions of people due to slow, cruel
starvation. Individuals were unable to help themselves because of the disastrous drought
conditions and their subjection to foreign imperialists. During just thirty short years, the
disastrous effects of New Imperialism, Victorian economics, and climatic events had combined
to create the tremendous gap between many of what are now known as developed and
developing regions of the world.

1.2 Famine Today
While great strides have been made in recent years to close the gap between developing
and developed nations, hunger is still a common circumstance in the third world. In 2007, more
than 923 million people did not have enough to eat, especially in developing countries (Chadare,
2010). Though the period of New Imperialism may have concluded, its influences are still seen
throughout the countries most affected. The continuous need for nourishment in developing
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countries has prompted local inhabitants to create innovative and sustainable methods of
processing indigenous foods for purposes of consumption and sale.
Food processing practices vary greatly throughout the developing world. Indigenous
knowledge, cultural practices, and available technology all contribute towards defining the
agricultural systems of a particular region. While, in many cases, the current practices are
sufficient to provide necessary food, there are instances in which food processing improvements
would greatly benefit local inhabitants. Because the food processed in developing world
countries is of extreme importance for providing nutritional benefits and adding value to local
economies, there is a significant opportunity to improve the standard of living by developing
easier, more reliable, and sustainable methods for processing foods.

1.3 Baobab (Adansonia digitata)
In addition to crops that are farmed traditionally, forest resources are an important source
of nourishment and value for inhabitants of developing countries. In particular regions, the
baobab tree (Adansonia) has much significance in the health, culture, and economies of rural
African inhabitants. There are eight
species of baobab that are found
throughout Africa, Madagascar, and
Australia. The African baobab variety
(Adansonia digitata) is the largest of the
eight species and is found in twenty SubSaharan countries (Big Baobab Facts,
2010).
Figure 1: Baobab (Adansonia digitata)
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The African baobab is a massive tree, often reaching heights of between sixty and eighty
feet tall and having a trunk of nearly thirty-five feet in diameter (Chadare, 2010. Baobab trees
typically have stout, smooth trunks that emerge into branches that stretch out horizontally, often
resembling roots. The unique appearance of this tree prompts the colloquial nickname for the
baobab tree of “The Upside Down Tree”. Many legends exist throughout regions of SubSaharan Africa to explain the reasons why the baobab tree has such an odd appearance.
Communities in rural Africa rely on baobab for a variety of nutritional and medicinal benefits,
prompting baobabs to become a central part of life in rural villages and giving this magnificent
tree another fitting nickname: “The Tree of Life”.
Baobab fruits are harvested from the trees between December and May when the fruits
are in a dried form. The dry fruits hang in the trees from long stems and are either removed by
hand from the branches or by using a knife lashed to a long pole. The baobab fruit has an oblong
shape that is normally brown and green in color. The outer part of the fruit consists of a hard,
rough shell (similar to a husked coconut) that completely encases the fruit. Dry baobab fruit
consists of three components: seeds, fibers, and pulp. The seeds and fibers are tightly
compacted within the compressed baobab pulp in a way that does not allow for easy separation
of the components.
Baobab fibers are inedible and are discarded once separated from the other components.
While baobab seeds are edible, they are often processed to obtain the scarce and valuable baobab
oil after separation from the other components. Baobab pulp is the most frequently-consumed
part of the fruit, and extracting it is the primary goal of most processing practices (Chadare,
2010). Because the fruit is dry, processed baobab pulp is in a particulate form. The powder pulp
is then added by rural inhabitants to various foods as either a seasoning or a supplement to
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enhance the nutritional value of a meal. The powdered pulp can also be mixed with water to
create a citrus-like beverage.

1.4 Significance of Baobab in Benin
In the Sub-Saharan African Republic of Benin (Benin), baobab fruit is a staple in the
diets of the local inhabitants because of its high nutritional content and extreme abundance
(Chadare, 2010). Because of its nature, baobab fruit requires processing before its pulp can be
ingested easily and safely. Throughout many parts of the country, baobab is processed and sold
by the rural inhabitants in local markets as a form of enterprise.
The current technique for processing baobab fruit in Benin is with a mortar and pestle – a
method that is both inefficient and labor-intensive. This method is not standardized, which
creates concerns about sanitary conditions and yields pulp that is extremely variable in particle
size. In addition, this technique does not follow sanitary regulations, raising questions about the
safety of the processed fruit and impeding the sale of locally-processed baobab to external
vendors.

1.5 Prior Work
The inhabitants of Benin rely on the archaic mortar and pestle method for processing
baobab. In addition to being inefficient, labor-intensive, and potentially unsanitary, the
inconsistencies within the process cause this method to yield a highly variable final product in
regard to average particle size of the pulp. By developing a method for processing baobab that is
more efficient, less labor-intensive, hygienic, and more consistent, rural communities throughout
Africa may have the ability to add value locally, export globally, and increase food security.
6

A team of students at the Pennsylvania State University (Penn State) previously followed
the traditional engineering design process to develop a mechanical agricultural processor
prototype (“2011 prototype”). The team worked with the Cooperative Agricole Le Baobab
(“The Cooperative”), a women’s cooperative based in the city of Natitingou, Benin committed to
the production and international sale of baobab pulp. This prototype design sought to create a
more efficient and standardized method for processing so that baobab pulp could be sold to
external markets for profit. While this first generation prototype provided proof of the ability to
mechanically separate the components of baobab and grind the pulp, some characteristics of the
prototype are not economically or culturally appropriate for a finalized version of the machine.
The first agricultural processor prototype stood over four feet tall, weighed over 115
pounds, cost over $2000 US to build, was powered by electricity and fabricated with United
States components and materials. Though this prototype would be an appropriate design for a
developed country and perhaps some venues in Sub-Saharan Africa, it is not suitable for use in
many developing countries because of its dependence on electricity, costly parts, and inability to
be transported easily. This prototype design is also not sustainable for use because of the lack of
materials necessary to repair or maintain the agricultural processor in developing countries in the
event of a mechanical failure.
Because of these concerns with the first prototype design, a new and updated prototype is
desired upon which a production model can be based. The design for this prototype will take
economic, cultural, and technological considerations into account in order to create a sustainable,
appropriate solution for processing baobab pulp in Benin.

7

1.6 Specific Goals and Research Approach
Using empathic engineering design, a culturally appropriate agricultural processor
prototype will be designed, modeled, and fabricated. This prototype will attempt to improve the
current methods of processing baobab by increasing efficiency and creating a final pulp product
suitable for sale in markets outside of Sub-Saharan Africa (namely, the United States and the
European Union). While this prototype will improve upon the traditional method used in Benin,
it will also provide improvements to the 2011 prototype created by the Penn State team.
Whereas standard engineering design principles were used during the creation of the first
prototype, in this thesis empathic engineering design principles will be used. Empathic design is
a user-centered design approach that emphasizes using observation, rather than consumer
interviews, to gather information when designing a product (Leonard and Rayport, 1997).
Because empathic engineering design requires the designer to truly understand how a user will
use a product, the designer should be required to not only observe the user but to actually
“become” the user (Schuhmann, 2011). Empathic design allows designers to more easily
incorporate creative, unconventional ideas into designs while still creating effective, userfriendly products.
The final outcome will be a working prototype for use throughout Africa that is
manually-powered, economically practical, and transferable. The new prototype will be
compared to both the traditional method for processing baobab and the existing machine
prototype created between January and May 2011.
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1.7 Overview of Thesis
This thesis contains information about the advantages and disadvantages of available
technology for processing baobab pulp and the scientific theory about how baobab can be
effectively processed for external sale. By using this information, an appropriate technology for
processing baobab pulp in developing world regions was designed and fabricated. The process
of developing and improving this design is outlined, along with the experimental procedure used
to evaluate it. A results section contains the outcome of the experiments conducted and an
analysis of the performance of the agricultural processor. The technology’s strengths and
weaknesses are outlined and discussed, and further avenues for research are provided to aid
subsequent research. The goal of the work provided is to analyze the design considerations that
must be included when designing a technology for the developing world, incorporate those
design considerations within a working prototype, and quantitatively test the performance of the
prototype.

2.0 Literature Review
2.1 Existing Technologies
The current techniques used for processing baobab pulp are limited; presently, there are
only three known methods for processing raw baobab fruit to obtain baobab pulp. These
methods range in size and complexity and are used by a variety of individuals throughout Africa.
The three current methods for processing baobab pulp are: (1) mortar and pestle, (2) an unknown
mechanical mechanism used by the baobab-producing company Baobab Fruit Company Senegal
(“black box”), and (3) the prototype designed by Penn State Students during Spring 2011 (“2011
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prototype”). Each of these methods represents a different level of complexity and technological
material requirements.

2.2 Mortar and Pestle
The mortar and pestle method for processing baobab represents the earliest and least
complex method for obtaining pulp. A mortar is a bowl-shaped container made of hard wood,
marble, pottery, or stone, and a pestle is a baseball bat-shaped tool that is used to grind
substances inside the mortar (Goldman, 2006). The mortar and pestle has an extensive history;
Italian frescoes of the fifteenth century depict the mortar and pestle, and Pre-Columbian history
also shows evidence of use of this method from as early as six thousand years ago (Goldman,
2006).
Because of its ability to effectively pulverize materials, the mortar and pestle can be used
to crush and grind the dry, compacted baobab fruit to break the pulp into particulate matter and
loosen it from the seeds and fibers. A mortar and pestle is easily made because of its simplicity
and availability of wood. The use of a mortar and pestle is the most prominent method
throughout Sub-Saharan Africa for processing baobab pulp (Chadare, 2010).
The Cooperative developed a method using mortar and pestle for large-scale production
of baobab pulp. During a site visit to Benin in May 2011, the author observed this process,
asked questions of cooperative members, and participated in the production of baobab pulp. The
method used by the Cooperative represents a common technique for preparing baobab for
consumption. While effective, this method is quite labor intensive, as shown in its description
below.
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To begin the processing of baobab, the short thin, fibrous “hairs covering the shell are
removed by scraping the outer
edge with a scouring pad.
Next, the hard, outer husk of
the fruit must be opened. This
is done by using a mallet or
rock to break the hard
covering. After the husk has
been broken, it is pulled apart

Figure 2: Pulling apart baobab husk

with the hands.

After the husk has been opened, the masses of
raw baobab fruit are removed by hand and placed in a
bowl for further processing. At this point, the raw
baobab contains three components: seeds, fibers, and
compacted pulp. The raw baobab is poured from the
storage bowl into the wooden mortar in small amounts
for initial processing using a pestle.

Figure 3: Transferring unprocessed fruit to mortar
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In the Cooperative, there are typically three
women who work with pestles at one mortar. These
women apply sequential, repetitive, and forceful
contact between the pestle and the raw baobab fruit
inside the mortar. This force grinds the fruit, loosens
the pulp from the other components, and leaves the
baobab seeds whole and unharmed. By using three
women to process each batch of raw baobab, the fruit
can be made into powder more quickly and with less
effort from each individual woman. The Cooperative
Figure 4: Grinding baobab with mortar and pestle

owns four mortars and pestles to optimize production
and to employ as many women as possible.

When the baobab pulp is observed by the
women to be sufficiently ground into a fine
powder, the contents of the mortar are removed and
placed into another large bowl for storing and
transportation purposes. At this stage, three
components of raw baobab have been sufficiently
separated but are still comingled.
Figure 5: Close view of mortar and pestle
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To separate the powdered pulp from the seeds
and fibers, a mesh sieve is used. The contents taken
from the wooden mortar are removed in small amounts
and sifted through the sieve. The size of the mesh
allows the processed pulp to fall through its openings
but does not permit the seeds or fibers to pass through.
While the sieve facilitates the separation of
components, it does not ensure a uniform size for all
particles passing through its mesh. The Cooperative
typically employs two women each day to sift the
processed baobab pulp and separate from the other

Figure 6: Using a sieve

components.

After a sufficient amount of baobab pulp has been separated via sieve from the seeds and
fibers, it is removed and packaged in individual containers for commercial sale. The pulp is
poured into the packages, and the packages are sealed with heat. The Cooperative Agricole Le
Baobab employs two women each day to package the final product, and they process an
estimated 770 pounds (350 kilograms) of raw baobab fruit (shell, pulp, seeds, and fiber) per day
to produce between 88 and 110 pounds (40 and 50 kilograms) of powdered pulp. The typical
work day is six hours, and the women rotate through the various jobs to prevent boredom.
This processing technique displays indigenous knowledge and a method of engineering
design that was born out of necessity. In order to obtain baobab pulp for nutritional and
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medicinal purposes, it was essential for inhabitants of Sub-Saharan Africa to develop a method
for processing the fruit that uses available materials. Available technologies, observational data,
and common sense were used to create a basic system for producing edible pulp. This method of
baobab pulp processing has likely evolved little since its conception because of its simple,
sustainable nature. While this method of processing baobab pulp is affordable and sustainable in
Sub-Saharan Africa, it is labor-intensive and less efficient than modern processing practices. In
addition, this method of processing does not producce a standardized product, preventing rural
Africans from selling processed baobab pulp to external vendors.

2.3 Baobab Fruit Company Senegal’s “Black Box”
The most complex method for processing baobab pulp is the unknown, mechanical
mechanism used by the Baobab Fruit Company Senegal (BFCS), a baobab-production company
based out of Thies, Senegal. The company was founded in 1999, and it is currently the leading
producer of baobab products in Senegal, West Africa (Baobab Fruit Company Senegal, 2011).
Though BFCS is a leading producer of externally-sold baobab pulp, there is surprisingly little
information available regarding the company’s production methods. The most helpful
information source about BFCS’s methods for producing baobab pulp comes from a sevenminute video published on YouTube entitled “Baobab Fruit Company Senegal – Harvesting and
Producing” (http://www.youtube.com/watch?v=i2ifnRpAcKk). This brief, low-quality video
provides the greatest amount of information publicly available about the company’s techniques
and allows a general idea of the production process to be inferred.
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The Baobab Fruit Company Senegal uses the labor of rural Senegalese to harvest the
whole baobab fruits from trees
spread throughout the country
(Harvesting and Producing, 2008).
Once the fruit have been picked,
BFCS trucks transport the whole
baobabs to the processing plant,
located in Thies (Harvesting and
Figure 7: BFCS's transportation truck (YouTube screenshot)

Producing, 2008).

At the production plant, Senegalese workers manually prepare the baobab fruit for
processing by cleaning the outer husk, cutting the husk open, and removing the raw baobab fruit
from inside the husk (Harvesting and Producing, 2008). After this initial preparation, the raw
baobab fruit is fed into a large machine that uses electricity to mechanically separate pulp from
the seeds and fibers. This machine
is said to remove any impurities in
the baobab pulp, and the powder is
then packaged “to preserve purity
and nutritional properties”
(Harvesting and Producing, 2008).

Figure 8: BFCS employees preparing baobab for processing (YouTube
screenshot)
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BFCS uses a patented method for mechanically separating the components of raw
baobab, carefully concealing this method in the few publically-available videos. The processing
machine is shown in videos of
BFCS’s production methods as
a large black box, where raw
baobab fruit enters the machine,
and the purified, standardized
pulp exits at the end of the
process. No details about the
inner-workings of this machine
are provided, leaving only

Figure 9: BFCS's large black box machine (YouTube screenshot)

speculation when discussing this technology.
From the information shown in BFCS’s video, it is possible, however, to infer several
facts about the machine’s operation. The large size of the machine and the depiction of a variety
of processes indicate that the black box
is the most complex of all current
methods for processing baobab.
The footage of several different buttons
and levers used to operate the machine
indicates that the laborers in the
production must follow a strict order of
Figure 10: A switch on the BFCS black box (YouTube Screenshot)

operations to correctly operate the
machine to produce baobab pulp. The
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footage of several different
electric components suggests
that the machine is powered
through the use of electricity,
rather than through chemical,
solar, or manual power.
The statement of the
quality of the produced
baobab pulp indicates that
food-grade materials, such as

Figure 11: A BFCS employee removing processed pulp (YouTube Screenshot)

stainless steel, are used
internally and that the machine is regularly cleaned with acceptable sanitizing agents. The pulp
produced by the Baobab Fruit Company Senegal is available for sale in the European Union,
indicating that it meets the stringent requirements for sale in this region.
Though much is unknown about the inner-workings of this machine, the facts that can be
inferred by analyzing BFCS’s few public information sources indicate that the cost of this black
box machine for processing baobab is approximately $500,000 US (NASAGoBlog).
Understanding the exact mechanism used by the Baobab Fruit Company Senegal for processing
baobab pulp is less important than understanding the advantages and disadvantages of this
machine. The black box method for processing baobab appears efficient, and it produces
standardized, sanitized baobab pulp suitable for sale in external markets. However, this process
is expensive, and it replaces the jobs of rural workers by using the black box, offering little
opportunity for rural workers to add value locally. While effective, this machine does not mesh
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with the culture of West Africans due to its large machinery and a lack of emphasis on group
work. Additionally, its complexity offers little hope for sustainability in the future.

2.4 Penn State Prototype
While both the mortar and pestle method of rural Africans and the black box method of
the Baobab Fruit Company Senegal have attractive advantages, they each also have key
downfalls in their designs.
Using the Cooperative as a
client, the traditional
engineering design method
was used in 2011 to create
a first generation prototype
for processing baobab
pulp. The result of this
effort yielded a machine
that is a hybrid between the
two aforementioned
Figure 12: SolidWorks model of 2011 prototype

processes and one which
has its own advantages and disadvantages.
The 2011 Prototype is an electric machine consisting of three separate processing
components: a “primary crusher”, a “rotating grinder”, and a “secondary crusher” (Zellers,
2011). Together, these three components work to both crush and separate the baobab pulp from
the other components without harming the baobab seeds. The pulp production process described
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below contains an overview of each component of this machine and its role in the extraction of
powdered pulp.

The outer husk of the baobab
must be cleaned and broken apart by
hand. The raw fruit inside the husk
must be removed manually and
placed in a container before
processing. The pieces of raw baobab
fruit are fed by hand into a hopper at
the top of the running machine.

Figure 13: SolidWorks model of primary crushers

The hopper feeds the raw baobab fruit into the primary crushers, located just below the
hopper at the top of the machine. The primary crushers are 2 pieces of hollow PVC pipe, with a
length of 6 inches and an outer diameter of 4.5 inches. These primary crushers are placed on
parallel shafts with 5 inches of space between center axes. The primary crushers are powered by
a pulley system connected to the main drive train with a gearing ratio that rotates the crushers
inwardly at 45 rotations per minute (RPM). 16, evenly-spaced, 0.25-inch deep grooves were cut
axially into each of the primary crushers to aid with seizing and crushing raw baobab.
The primary crushers work to initially loosen and separate larger pieces of raw baobab
from one another to increase the effectiveness of the main processing mechanism. The smaller
fragments of raw fruit are then fed into the central mechanism of the machine, the rotating
grinder. The rotating grinder consists of two cylindrical tubes placed concentrically around a
shaft and made of stainless steel mesh. The inner cylinder has a fixed diameter of 3.80 inches,
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while the outer cylinder has an initial diameter of 5.75 inches that decreases to 4.80 inches at the
end of the assembly, resulting in a tapered annulus.

Figure 154: SolidWorks model of rotating grinder

The inner cylinder is driven by the motor and rotates at 720 RPM while the outer cylinder
remains stationary. Pieces of baobab (including pulp, fibers, and seeds) are fed by a chute within
the machine into the top of the rotating
grinder and are pulled between the two
cylinders via gravity. The high-speed
rotation of the inner cylinder causes the
raw fruit to be continuously and quickly
pulverized by the ballistic and shear
contact between the outer and inner

Figure 15: Side view of rotating grinder at 45º

cylinders, separating nearly all of the pulp and fiber from the seeds. Because the entire assembly
is tilted at a 45º angle, the baobab seeds that are newly-separated from compressed pulp are
gravity-fed toward the bottom of the grinder and eventually exit the cylindrical grinders through
a small hole at the bottom of the assembly. The ballistic impact of the solid pulp against metal
mesh causes the now-powdered pulp to escape from the cylinder through the mesh. Plexiglas
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coverings surrounding the rotating grinder contain this newly-processed powder within the
machine to avoid loss of product.
The processed powder exiting the rotating mesh cylinder falls below the rotating grinder
and into the secondary crushers. The secondary crushers are made of two pieces of hollow PVC
pipe, with a length of 19 inches and an outer diameter of 3 inches. The secondary crushers are
placed on parallel shafts with a 0.75-inch distance between the centers of each shaft and are
attached via a pulley system to the maindrive train and geared appropriately to rotate inwardly at
45 RPM. These crushers are meant to further refine the pulp by reducing the particle size. After
traveling through the secondary crushers, the pulp falls onto a collection sieve at the bottom of
the machine. This sieve is used to separate the remaining fibers from the processed pulp; by
allowing pulp of only a standard size to fall through the mesh and onto a collection tray, the
fibers are left on the sieve to be collected and thrown away (Zellers, 2011). At this point, the
collection tray containing only processed pulp can be removed from the machine to package the
pulp for sale.
A complete, labeled SolidWorks model of the 2011 Prototype can be found in Appendix
A. This machine represents a first generation prototype and as such is expected to undergo many
changes. Because of food standards throughout much of the world, the materials used for the
machine are made solely of food-grade materials (stainless steel, Plexiglas), and the method must
be further refined to ensure standardized pulp size.
The 2011 prototype represents a unique mixture of elements from both extremes of the
baobab pulp processing spectrum. The machine is powered electrically and processes pulp in a
more efficient and less labor-intensive method than the traditional use of mortar and pestle. This
method still requires the manual removal of the outer husk and extraction of baobab pulp and it
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produces an end product of clean baobab seeds and powdered pulp. The relative simplicity of
the machine allows workers to see and understand its inner workings, promoting technical
knowledge. Though the process is largely mechanized, the process still requires several women
to prepare the baobab, operate the machine, and package the resulting powder. The approximate
cost of the first generation prototype materials (not including labor) is $2000 US, which falls
between the extreme prices of the mortar and pestle method and BFCS’s method.

2.5 Summary
While there are only a few known methods currently in use for processing baobab, these
techniques represent a wide spectrum of technology, complexity, and cost. By analyzing the
positive and negative aspects of each design, the optimal design features can be combined to
create a sustainable, affordable, design for an agricultural processor.
Because of its affordability and proven methods, the rotating grinder method of the Penn
State prototype will be the most important design feature retained when designing an updated
and improved prototype. The rotating grinder will be considered along with the other previous
methods to create the best possible combination for a developing world agricultural processor.

3.0 Theory
In the context of processing baobab pulp, the 2011 prototype is a newly-developed
technology that uses two scientific principles to mechanically separate the components of raw
baobab: the principles of size-reduction and mechanical separation. The principles of size
reduction and its major governing equations are examined, as is the process by which the
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components of raw baobab are separated in a sanitary, effective manner. In addition to scientific
fundamentals, the theory of empathic design is analyzed to provide insight about the methods
used to design the agricultural processor in this thesis.

3.1 Size Reduction
Comminution is the process whereby solid materials are reduced in size by crushing,
grinding, or a variety of other processes (Arny, 1917). Comminution is the oldest mechanical
unit operation for size reduction of solid materials and it has been used throughout history to
reduce particle size, increase the surface area, and to free useful materials from within a structure
(Salman, Ghadiri, and Hounslow, 2007). Though comminution has a long history, controlling
mean particle size and distribution remains a difficult task for scientists today.
The fundamental principles of comminution are based in the principles of fracture
mechanics; size reduction is, essentially, the process of repeatedly and systematically inducing
fracture of a material. Cracks in solid materials are the preliminary mechanism by which
fracture occurs, and these cracks can be propagated throughout the material matrix in three
distinct ways.

The first method of crack propagation is called “Mode I
Fracture” or the “opening mode” (Patricio and Mattheij, 2009). In
this method of crack dispersion, the material is loaded by tensile
forces normal to the plane of the crack (Zehnder, 2010).
Figure 16: Mode I Fracture
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The second method of crack propagation is called
“Mode II Fracture” or the “sliding mode” (Patricio and
Mattheij, 2009). In this method, the material is loaded by
shear forces parallel to the plane of the crack and
perpendicular to the front of the crack (Zehnder, 2012).

Figure 17: Mode II Fracture

The third method of crack propagation is called “Mode III
Fracture” or the “tearing mode” (Patricio and Mattheij, 2009). In
this method, the material is loaded by shear forces acting parallel to
both the plane of the crack and the front of the crack (Zehnder,
2012).
Figure 18: Mode III Fracture

Cracks can be initiated and spread throughout a material under stress by any of the three
previously described modes, and often the crack propagation is a combination of all three modes.
When a crack is initiated, two new surfaces are created, causing an increase in the surface energy
of the material due to the breakage of internal material bonds (Zehnder, 2012). If the material
remains in some loaded stress state, the initiated cracks can elongate and spread whenever the
force from the loading conditions exceeds the internal energy of the material (Zehnder, 2012).
If this phenomenon continues to occur, the length of a crack within the material will grow
until it reaches a critical length, at which point fracture will occur along the length of the crack.
The critical length of a crack varies greatly between materials. A parameter called the “fracture
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toughness” is used to describe the resistance of a particular material containing a crack from
breaking apart (Zehnder, 2012). Using information about the type of fracture and material
properties, the amount of force – and thus, the amount of energy – required to initiate and
propagate fractures throughout a substance can be determined.
While it is possible to determine the amount of force required to produce one fracture, the
science of comminution requires knowledge about the energy necessary to repeatedly induce
fractures. Research has shown that the energy required for size reduction correlates with particle
size; as the desired size of the particle decreases, the required energy input increases (Salam
Ghadiri, and Hounslow, 2007). Because of this correlation, the energy necessary for size
reduction is typically expressed as a function of the particle size of both the feed and product
materials of a comminution process. Research has shown that the energy efficiency of size
reduction is quite low (Salam, Ghadiri, and Hounslow, 2007).
Despite extensive research done on this subject, there is not a single accepted equation
that can be used to relate the desired particle size to the amount of energy required (Salam,
Ghadiri, and Hounslow, 2007). Rather, there are three different laws that are used in assorted
situations to describe the necessary input energy to achieve the size reduction of varying
materials. While there is not one, unified law to describe the process of comminution perfectly,
the three laws can be used together to gain a sense of this phenomenon.
The first law of comminution to be developed was done so by Rittinger in 1867
(Jankovic, Mehta, and Dundar, 2010). His version of comminution stated that the energy
required for size reduction is proportional to the new surface area generated (ibid). Rittinger’s
hypothesis is typically seen in the following form:
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developed yet. With use of constants for other materials, an approximation of the constant for
baobab fruit can potentially be derived and used in any of the previous three equations.
Though understanding the energy requirement for the comminution of baobab to an
appropriate size is beneficial, an analysis of the path a piece of baobab travels through the 2011
prototype can provide insight into the machine’s functions with respect to comminution. When
first removed from the husk, pieces of baobab range in size from half an inch to nearly three
inches in length. All of the pieces of unprocessed baobab fruit, both large and small, are fed into
the hopper at the top of the prototype. As one piece moves down the length of the hopper, it is
jostled against the other pieces of moving baobab fruit as each one approaches the primary
crushers. At the bottom of the hopper, the piece of baobab falls into the space between the two
primary crushers. The grooves on the surface of the primary crushers help to grab the outer
surface of this piece of baobab, dragging it between their edges at a steady pace. The
compression felt by the piece of fruit as it travels through the primary crushers will begin to
loosen the components from one another. The contact of the piece of fruit with both the crushers
and other pieces of baobab will begin to cause small cracks, eventually leading to both Mode II
and Mode III fractures to form.
At the bottom of the primary crushers, the small piece of fruit has been sufficiently
compacted, and its components may already be loosened from one another. This piece of fruit is
fed with the help of gravity into the top of the rotating grinder between the two metal mesh
cylinders. This is the stage where the most energy is supplied; the high-speed rotation of the
rotating grinder’s inner cylinder creates a force that pulverizes pieces of baobab fruit against the
outer mesh walls. This contact against the outer cylinder corresponds to the creation of both
Mode II and Mode III fractures because of in-plane, parallel shear forces acting upon the fruit.
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As pieces of fruit become lodged within the metal mesh, the continual rotation of the inner
cylinder and other pieces of fruit results in the formation of Mode I fracture.
The ballistic impact of the baobab fruit against the inner and outer cylinder walls of the
rotating grinder effectively loosens the baobab pulp from the other components (i.e. fibers and
seeds). As this contact continues, Mode II and Mode III fractures spread throughout the fruit.
These fractures break apart large pieces of fruit and cause additional cracks to form throughout
the newly-broken pieces. Through frequent formation of fractures in the fruit, pieces of baobab
continuously break apart, decreasing in size and liberating the powdered pulp. As pulp particles
are loosened from the piece of fruit, they are directed out of the rotating grinder and fall toward
the secondary crushers.
The impact between baobab fruit and the rotating cylinder walls happens repetitively
down the length of the processor. The distance between the inner and outer cylinders of the
rotating grinder decreases as the piece of fruit travels down the processor, allowing for continued
contact with the mesh walls. Increasing amounts of baobab pulp are expelled from the seed as
the piece of fruit travels through the rotating grinder. The piece of fruit will continue to lose
powder through repeated collisions with the inner and outer cylinders until a clean baobab seed
is discharged at the bottom of the processor. Because the output slot is sized for a clean baobab
seed, nearly all of the pulp must be removed before the seed can fit through the hole. The seeds
that are output can be removed and further processed for additional uses.
The baobab pulp loosened and freed from the other fruit components during the rotating
grinder stage gradually settles on top of the secondary crushers. The grooves on the sides of
these two rotating cylinders pull the pieces of loose pulp inward, crushing them in the small
space between their walls. The loose powder is crushed further in this stage, resulting in a pulp
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of smaller particle size. After traveling between the two secondary crushers, the loose baobab
pulp settles on a collection tray at the bottom of the prototype. This tray can be easily removed
by the user to collect processed pulp.
One piece of baobab sees a multitude of different size-reducing techniques as it travels
through the 2011 prototype; from the pure compression force supplied by the crushers to the
shear force experienced in the rotating grinder, the fruit experiences size-reducing energy in a
multitude of ways. Though three main stages are incorporated in the 2011 prototype, the
majority of the size-reduction energy is supplied by the second, rotating grinder stage of the
process. Because of its high speed and the continuous collisions imparted upon the baobab fruit,
the rotating grinder causes the majority of size reduction of the fruit. The primary and secondary
crusher stages are used for preparing and refining the baobab fruit, respectively and, as a result,
may not be necessary in subsequent prototypes.

3.2 Mechanical Separation
Within the rotating grinder, the principles of comminution work to loosen baobab pulp
from the seeds and fibers, effectively separating the three components of the raw fruit from one
another. Because of the differences in size, weight, and consistency of these three components, a
natural separation begins to occur; this natural separation of the components of raw baobab is
due in part to both size and gravitational effects. Mechanical separation of solids due to size
difference is accomplished by providing physical barriers to impede components of a particular
size from passing through, while gravitational separation uses differences in material density to
aide in isolating components (Svarovsky, 1977).
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As the rotating grinder pulverizes pieces of raw baobab, the high rotation speed causes
the fine, powdered baobab pulp to be centrifugally expelled from within the mesh cylinders. The
stainless steel mesh has 0.25-inch square openings for pulp particles to pass through. Because
this size is smaller than the diameter of the baobab seeds but not smaller than the loose fibers or
pulp particles, fibers and pulp are able to exit the rotating grinder. While the denser, larger
baobab seeds are also rotated throughout the grinder, they remain relatively unharmed from
collisions and are gradually pulled via gravity to the bottom of the assembly. A small opening
towards the bottom of the rotating grinder permits the seeds to fall out of the machine,
effectively separating these large components from the smaller ones.
The pulp and fibers fall below the rotating grinder and eventually come to rest on a mesh
sieve that allows for powder particles between 300 and 600 microns to pass through. Because
the mesh in this sieve is small enough for only pulp particles to pass through, the fibers can
effectively be filtered out, leaving only baobab pulp below the mesh sieve. The powdered pulp
comes to rest on a collection tray that can be easily removed from the apparatus.
The method used for mechanically separating components of raw baobab relies heavily
on the ability of the rotating grinder to effectively crush the pulp into a powder. Without the use
of a previous process to break apart the baobab pulp, it would be impossible to isolate the three
separate components from one another.

3.3 Empathic Design
While undoubtedly different from one another, the methods previously described for
processing baobab pulp were all produced with the help of the engineering design process. As
defined by the Accredited Board for Engineering and Technology (ABET), the engineering
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design method is “the process of devising a system, component, or process to meet desired
needs,” (Haik, Yousef, and Shahin, 2011). This decision-making process outlines helpful actions
for designers and engineers to follow as a guide to creatively exploring, brainstorming, and
solving problems. The method creates ways in which basic mathematics and engineering
sciences are applied to “optimally convert resources to meet a stated objective” (ibid). Because
of its widely applicable systematic approach to designing solutions, the engineering design
method is used in a multitude of industries today.

Table 1: Steps of the Traditional Engineering Design Method

Step

Title

Action

1

Identify the Problem

2
3

Identify Criteria and Constraints
Brainstorm Possible Solutions

4

Generate Ideas

5

Explore Possibilities

6
7

Select an Approach
Build a Model or Prototype

8

Refine the Design

State the challenge in your own words; understand the
problem.
Identify customer requirements and design constraints.
Individually think of possible methods for solving the
problem.
Develop the initial ideas more thoroughly; include
pictures, calculations, and questions.
Share and discuss all ideas within a group; record the
positive and negative aspects of all ideas.
Identify one design that solves the problem the best.
Construct a full-size or scale model of the idea based on
the drawings created.
Examine and evaluate the prototype based on customer
requirements and restraints; decide whether to continue
with the idea, or whether to begin again with something
new.

As can be inferred from the steps outlined above, the traditional engineering design
method relies heavily on explicitly-stated information such as customer’s verbalized desires and
design constraints to guide the development of a product.
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The engineering design
method is an interative process; the
cyclic nature of this method allows
for continual improvement of the
working design. Once one
prototype has been created, it can
be easily modified by using the
same steps used during its
development. In this way, a
product is progressively enhanced
throughout multiple iterations of

Figure 19: Traditional engineering design process (NasaGoBlog)

the same, simple method.
The engineering design method requires a designer to communicate directly with
potential customers or users to determine desired characteristics and constraints for the
technology being developed. Often customers and users may not share the same needs. While
communication with customers and users provides information about needs and situation
constraints, the responses gathered are often broad, vague, or even misinformed. When
questioned about a potential design, users of a product may not have enough knowledge about
the technology or design process to properly articulate needs, desires, and constraints. An
engineer often must take a generic statement given by a potential consumer and infer the specific
needs for a design. With the traditional engineering design method, an engineer or designer
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relies upon customer feedback and his own intuition and ideas when designing a product for
mass production (Haik, Yousef, and Shahin, 2011).
The engineering design method has been tested throughout history and has been proven
successful at providing functional products time and again. There has been increasing
recognition that products and environments designed in today’s world must satisfy “suprafunctional” needs, such as “social,
cultural, emotional, aspirational, and
spiritual” needs in addition to basic
operational requirements (Malins and
McDonagh, 2008). To meet these
requirements, an innovative
approach to solving engineering
problems called empathic design is

Figure 20: User-centered design

being adopted by increasing numbers of engineers and designers.
Empathic design is a “user-centered design approach” that focuses on a user’s or
customer’s responses to a product (Simoes and Silva, 2011). The empathic design process
concentrates on the observation of consumers, particularly within their own environment
(Leonard and Rayport, 1997). At its most extreme, empathic design encourages a designer to
“become” the user by using a product or service to gain insight from the consumer’s point of
view (Schuhmann, 2011). By emphasizing the importance of gathering meaningful consumer
data, the empathic design process provides designers with a method for understanding the user’s
needs. “User-centered” design requires that all aspects of technology usage, such as
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“functionality, usability, and user experience” must be considered when designing a new product
(Nor and Muhlberger, 2010).
User-centered design requires that a new relationship between product designers and
users of products be created; this type of design dictates that a designer gain insight into the
users’ lives through “respectful curiosity, genuine understanding, and suspension of judgment,”
(McDonagh, 2012). In this way, the designer can more accurately anticipate the user’s opinions
of and experiences with new product designs. Empathic research centers on improved
techniques for “gathering, analyzing and applying information gleaned from observation in the
field” in order to better understand customers’ true feelings about a new product or service
(Leonard and Rayport, 1997). By observing a user in his physical environment, designers can
discover how a product interacts with the user’s surroundings, how a user customizes a product,
and what types of situations trigger the use of the product (Leonard and Rayport, 1997).
Much like the traditional engineering design process, the empathic design process
consists of several steps that outline a specific method for producing prototypes (Table 2).
Table 2: Steps of the Empathic Design Process

Step
1

Title
Observation

2

Capturing Data

3

Reflection and Analysis

4

Brainstorming for Solutions

5

Developing Prototypes of
Possible Solutions

Action
Teams of interdisciplinary professionals observe consumers using
the product or service in their natural environment
Sensory, auditory, and visual cues are used to capture information
about a user’s experience with a product; open-ended questions
may also be used to prompt observation
Members of the observation team reflect on observations and
review visual data
Observations made are transformed into visual representations of
possible solutions
The most promising ideas created during brainstorming are
transformed into physical prototypes to use for testing,
comparisons, and customer feedback solicitation
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When compared to the traditional design method, the steps of empathic design are less
detailed and allow for more freedom. The empathic design method differs from the traditional
engineering design method most in the realm of data collection; whereas the traditional method
relies on information provided by the consumer, empathic design requires a more personal
method for gathering user information. While traditional engineering design allots a significant
time for a designer to articulate the problem and solicit customer needs verbally, the empathic
design method encourages the designer to immerse himself immediately in the process. Rather
than gathering customer needs information by speaking with potential consumers, the empathic
design process requires that data is gathered through first-hand experience or observation of
casual use of a product or service.
While the immediate advantages of soliciting user information via personal observation
may not be immediately apparent, the use of this method has been shown to provide tangible

Figure 21: The Kano Model of Product Qualities
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benefits for companies and designers alike. The Kano Model of Product Qualities provides an
easy way of envisioning the effect of empathic design principles. Developed by Professor
Noriaki Kano, this chart divides customer needs into three different categories based upon their
importance of incorporation within a finished product (Burns, Barrett, and Evans, 2012).
Customer needs that are classified as “basic qualities” are characteristics that the user expects
any product to have. It is difficult to impress a customer by excelling in these areas because they
are characteristics that are already anticipated by the user. “Linear qualities” are traits for which
“the level of customer satisfaction increases with the level of achievement of these qualities,”
(ibid). The customer may be satisfied with improvements in these features, but becomes excited
only when a much greater improvement is made. “Delighters” are characteristics that excite
customers at the “most basic levels”; these traits are unexpected attractions of a product that
surprise and interest most product users (ibid).
Empathic design allows engineers and designers to identify potential delighter traits early
in the design process. Whereas basic and linear qualities will most likely be stated by a potential
user during a consumer survey or interview, individuals are very unlikely to identify delighter
qualities during traditional methods of information gathering sessions. By observing users and
developing empathy for the user’s experience, designers are capable of identifying needs that
consumers cannot recognize on their own. These requirements, called “latent needs”, are often
the basis for many innovations that serve as delighter qualities in new technologies.
Though the idea of empathic design has emerged only in recent years, much research has
been done to develop related ideas. In his thesis entitled “The Effects of Empathic Experience
Design Techniques on Product Design Innovation”, Matthew Saunders explores the effects of
empathic experience design on the discovery of users’ latent needs (Saunders, 2010). The
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effectiveness of empathic experience design (EED), which involves creating empathic
experiences for individuals participating in a concept generation and consumer needs studies,
was analyzed by Saunders. In one of his studies, Saunders recruited participants to partake in a
concept-generation session to generate improvements for a standard alarm clock. The control
group of participants was asked to use and evaluate several alarm clocks and brainstorm new
methods for improving the device. The treatment group of participants was provided with
several props to use during their concept generation session; these props helped mimic several
problematic conditions that potential users of an alarm clock may possess. The props were
meant to generate feelings of empathy in the participants by allowing them to experience
potential difficulties that some users may face when using an alarm clock. The treatment group
(those receiving props) generated more innovative characteristics for the design of an alarm
clock than the control group, and results were statistically significant. Research such as
Saunders’ shows the potential benefits of assessing consumer needs through the use of empathic
design and drives further research
and use of this method for concept
generation and problem solving.
While empathic design in
the developed world is important to
interest consumers in purchasing
products, the use of empathy in the
design process for developing
world products is critical to a
product’s adoption and continued

Figure 22: "Becoming the User"
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success. By incorporating empathy into the development process of a product, a designer can
better understand the end users’ needs and, therefore, provide a more useful and sustainable end
result.
When the author
travelled to Natitingou, Benin
for a site visit to the
Cooperative Agricole Le
Baobab in May 2011, the
empathic design process was
used as a reference for
research. The initial two steps
of the empathic design process
were completed in Benin,

Figure 23: Typical materials found in Natitingou, Benin

where there were many opportunities to solicit customer needs data through observation and
participation. While in Natitingou, the author observed the process of using a mortar and pestle
to process powdered baobab pulp (Figure 22) and followed the women of the cooperative
throughout their daily lives at work. The author participated in each step of the pulp-production
process, experiencing the same events members of the cooperative experienced daily.
Throughout the observation process, photographs were used to document interactions and a
written record of observations and thoughts was retained for further reference.
While in Natitingou, an informal interview was conducted with four members of the
Cooperative to learn more about their way of life and desires for an agricultural processor. The
full account of questions and answers from this interview can be found in Appendix B. This
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interview provided the author with additional, explicitly-stated information about the women’s
expectations the processor.
The author also explored the technological resources and capabilities present in
Natitingou (Figure 23). It was discovered that many common materials used for industrial
processes within the United States could also be found in Natitingou. Materials such as wood,
steel and some plastics were available for purchase from roadside shops. In addition, mechanical
components could also be found in roadside stores because of the prevalence of motorcycles in
the area. Although less organized than in more developed countries, many of the materials
necessary for the creation of an agricultural processor were present in Natitingou.
After the site visit, the data collected were reviewed by the author and her peers, using
the supplemental notes and photographs as a memory aid. This information was organized and
used to develop several different ideas for the second-generation prototype. Because of the
author’s personal experience on-site in Natitingou, the project constraints and user needs were
more clearly understood. The author’s participation in the baobab pulp production process
provided a unique perspective and revealed important parameters to consider when designing an
updated agricultural processor.
Designing products or services for the developing world is a challenge that is aided by
the use of empathic engineering design. When a designer is able to “become” the user through
first-hand observation or participation in product or service use, the needs and constraints of a
design can be better understood. Because of the increased comprehension, these needs and
constraints will be more accurately represented within the final design, creating a more
sustainable and appreciated product or service.
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4.0 Experimental Design – Methodology
While effective, there are features of the 2011 Penn State prototype that must be modified
in order to produce a more sustainable design for the developing world. These modifications
include using accessible, affordable materials, considering technological constraints, and
understanding the unique skills and knowledge of local inhabitants who will ultimately operate
the agricultural processor. In addition to these modifications, it is necessary that a secondgeneration prototype continues to include the most important requirements of the original 2011
prototype – namely, that the agricultural processer is safe, effectively separates the components
of raw baobab from one another, and produces food of acceptable quality for sale in external
markets.
With an understanding of the above requirements and a technical understanding of the
processes embodied within the first agricultural processor, a new, second-generation prototype
was designed. The design aimed to improve upon the 2011 prototype by taking economic,
geographical, and cultural conditions into consideration while using the empathic design method.

4.1 Concept Development
The customer needs and design constraints discovered during the Natitingou site visit
were combined into two comprehensive lists (Tables 7 and 8, Appendix C). Using a Quality
Function Deployment matrix, these needs and constraints were related to the specifications
necessary for the final prototype design (Table 9, Appendix C). Once appropriate specifications
had been established, these design criteria were combined into a comprehensive list (Table 3).
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Table 3: Concept Selection Criteria and Corresponding Weights

Need
Light / Compact

Weight
1.55

Rank
9

Description
The prototype shall be light enough to be easily transported and
small enough to be easily stored for easy transportation among
locations in a rural community
The prototype shall be made with materials that are easily
found in Western Africa to allow for easy production and
maintenance

Made with
Sustainable
Materials

13.9

3

Safe

22.6

1

Produces FoodGrade Baobab

21.8

2

Easy to
Understand

2.44

8

The prototype instructions and mechanisms of operation shall
be easily understood by the user

Ease of Use

5.66

7

The prototype shall be easy to operate; it shall not require
extreme physical effort

Durable

6.61

6

The prototype shall be long-lasting under normal conditions of
operation

ManuallyPowered

13.8

4

The prototype will be powered manually and without the aid of
electricity

Cost

11.7

4

The prototype shall be as affordable as possible

The prototype shall protect the user from its inner workings and
provide minimal danger of operation
The prototype shall produce baobab that is acceptable for sale
in the United States and European Union (particle size between
300 and 600 microns) and sanitary

The weight and rank of each concept selection criterion demonstrate the relative
importance of each characteristic; the higher-ranked criteria represent essential design elements
of the agricultural processor, while the lower-ranked criteria represent necessary, but less
important, characteristics. The weights and ranks of these criteria were determined using an
Analytical Hierarchy Matrix (Table 10, Appendix C). Using the relative weights of these
characteristics, a prototype was designed that incorporated as many of the highest-ranking
criteria as possible.
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4.2 System Design
Using the needs and design constraints determined, several components of the secondgeneration prototype were brainstormed and created. The overall concept for this prototype is to
use manual pedal power from the user to produce the necessary work for the baobab pulp
production process. The design concept for the processor consists of a rotating grinder very

Figure 24: Seat stand and processor prototype (attached)
Figure 25: Seat stand and processor prototype
(unattached)

similar to that of the 2011 prototype and a steel stand constructed to allow the user to sit while
pedaling. The rotating grinder portion of the prototype can be easily detached from the stand to
facilitate easy storage and transportation. The position of the rotating grinder in relation to the
seat stand allows for a single user to easily operate the pedals and simultaneously feed pieces of
raw baobab fruit into the rotating grinder.
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Figure 26: Side view of seat stand

The construction of the prototype was relatively simple because of the simple mechanics
of its operation and the common materials used to fabricate the design. The steel stand for sitting
was built of rectangular steel bar stock. At its highest, the stand is approximately 2 feet, 4 inches
tall, with the seat portion sitting 1 foot, 8 inches off the ground. It is 1 foot, 6 inches long and
only about 1 foot wide. This material was cut to precise measurements and attached using metal
inert gas (MIG) welding techniques to create a sturdy seat for the user.
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To provide a mechanism for pedaling, an old bicycle was cut apart and modified to the
desired requirements. This bicycle frame was welded onto the steel sitting frame using tungsten
inert gas (TIG) welds, creating an unyielding connection between the user’s sitting stand and the
pedal mechanism. The bicycle portion extends approximately 1 foot, 4 inches from the front of
the steel stand.

Figure 27: Bicycle Addition

Figure 28: Close view of TIG welds
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Figure 29: Top view of rotating grinder

The rotating grinder was constructed with wood, metal mesh, a steel shaft, PVC pipe, and simple
mechanical fasteners. It features nearly identical design characteristics as the 2011 prototype’s
rotating grinder, although some dimensions were changed to reflect the difference in power
generation between the two prototypes. The portion of the grinder that processes baobab is 26
inches long, while the shaft of the inner cylinder extends approximately 34 inches. At its tallest
height, the grinder is 9.5 inches tall, and it is one foot wide.

Figure 30: Side view of rotating grinder prototype
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Common sprockets, shafts, and chains that are commonly found on bicycle frames were
used to provide the mechanical connections between the different components of the agricultural
processor.

Figure 31: Common mechanical fasteners

Figure 32: Close view of mechanical fastener on rotating grinder
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The user sits on the stand and
extends her legs to touch the pedals.
Once the feet are balanced on the
pedals, the user can begin pedaling at
a comfortable rate. The seat stand
includes a backrest to allow for a
more comfortable user experience.
The prototype created was built to
specifications ideal for the author
because she is the primary
researcher, user, and tester of the
prototype. In subsequent iterations,
the seat stand and bicycle addition
can be made to fit alternate body
types and specifications.

Figure 33: The author displaying use of the prototype
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Because the agricultural
processor is connected to the
seat stand just behind the user,
she is able to continuously feed
baobab into the processor
without having to stop or slow
down her pedal rate. Likewise,
because the prototype is located
at the user’s side, the production
process can be easily seen and
monitored at all times.

Figure 34: The author displaying use of the prototype
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4.3 Detailed Design
Basic mechanical principles control the operation of the prototype; because it is powered
manually, the only input to the system is the power supplied by the user. Gearing using bicycle
sprockets and chains increase the user’s input velocity and transfer it to the main shaft of the
rotating grinder. This creates a power transmission to relate the input velocity to the output
speed of rotation by a constant gear ratio.
The user’s legs provide the necessary power to turn the pedals (labeled “A” on the
diagram below) of the bicycle. The turning of the pedals drives the rotation of a large bicycle
sprocket (“B”) between the two pedals. This large sprocket is connected via a bicycle chain to a
smaller sprocket (“C”) located near the bottom of the seat stand.

B

A

C

Figure 35: Sprocket and chain assembly
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The large bicycle sprocket has 54 teeth, while the smaller bicycle sprocket has 15 teeth;
this difference creates a gear ratio of 54:15. Using this information, the increase in angular
velocity from this gear ratio can be calculated. The formula for a simple gear train with two
gears (analogous to a sprocket-chain system) will calculate the increase in the angular rotational
velocity:

In this equation ωL and ωS represent the angular rotational velocities of the large and
small bicycle sprockets respectively, while NL and NS represent the number of teeth on each of
these said sprockets. Rearranging terms, the angular velocity of the smaller sprocket can be
solved for in the following way:

The constant gear ratio can be substituted into the equation to give a working expression
of the relationship between the user’s angular rotational input and the subsequent angular
rotational velocity of the grinder shaft.
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This expression allows the user’s angular rotational input to be related to the resulting
rotational velocity of the shaft at any point; for example, if a user was to pedal at approximately
60 RPM (about one rotation of the pedals per second), the rotational velocity of the rotating
grinder’s shaft can be calculated to be 216 RPM:
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60
15
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This result was verified through testing with a mechanical tachometer. The ratio used in
the above calculations represents the largest ratio possible for the given bicycle. All bicycles that
employ methods of gearing incorporate several different sprockets into their design to allow
different biking experiences for the user. Normally, a user can adjust the gear ratios of a bicycle
to change the resistance felt during operation; however, for use in the agricultural processor, the
ratio was kept at the maximum to provide the highest output velocity for the rotating grinder
shaft.
Because the desired rotational velocity of the rotating grinder shaft exceeds the physical
capabilities of a human (i.e. several hundred revolutions per minute), the use of gears was
essential to ensure the correct rotational velocity of the rotating grinder shaft. The use of gearing
allows the user input to be within a range that is humanly possible and comfortable (e.g.
approximately 60 RPM) while allowing the rotating grinder shaft to achieve the high rotational
velocity necessary for its operation. Gearing allows for an increase in angular velocity delivered
to the shaft without requiring the user input rotational velocity to increase. However, the amount
of necessary work supplied by the user remains the same as if she were able to pedal without
gears at several hundred rotations per minute. This is because the input force required to rotate
the bicycle pedals increases with the use of gears.
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The small bicycle sprocket (“C”) is
attached to a shaft mounted on the bicycle’s
frame. Because this small sprocket is welded to
the shaft, the shaft spins at the same rate as the

C

sprocket. Another sprocket of the same size and
number of teeth as the small sprocket (“D”) was
attached onto the same shaft using MIG welds.

D

This sprocket provides connects the pedal’s
rotation to the power transmission.

Figure 36: Close view of bicycle sprocket and shaft

Figure 37: Top view of bicycle sprocket and shaft
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Another bicycle chain connects this sprocket (“D”) to an identical sprocket that is MIG
welded to another shaft behind the seat stand (“E”). Because these two sprockets are identical in
size and number of teeth, the gear ratio and, thus, the rotational speed of the sprockets, remains
unchanged.

E

D

Figure 38: Sprocket-chain assembly on seat stand

The shaft that the last sprocket is mounted on is held in place by two bearings (labeled
“F” and “G” in Figure 40) and this shaft rotates at the same speed as the sprocket. The bearings
allow for easy rotation of the shaft with minimal frictional effects, enabling energy to be
transmitted from the user’s input at the pedals to the rotating grinder shaft behind the test stand.
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The shaft that the sprocket is mounted on and the main shaft of the rotating grinder have
identical diameters (0.5 inches) and are connected via a universal joint (“H”). The shafts were
press-fitted into the universal joint and the connection between the sprocket shaft and the
universal joint was welded for additional security. The connection between the universal joint
and the main shaft of the rotating grinder was not welded in order to facilitate easy transportation
and storage by allowing the two parts to be disconnected; a set screw was used to ensure a sturdy
connection at this interface.

F

E

H
G

Figure 39: Top view of connection between rotating grinder and seat stand
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There is an opening at the top of the prototype through which to feed material into the
processor. The inner cylinder of the rotating grinder has a constant diameter of 2 inches
throughout the length of the processor. At the top of the assembly, the outer cylinder has a
diameter of 4.5 inches, giving a 2.25-inch gap between the two cylinders.

Figure 40: Top of rotating grinder
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Figure 41: Bottom of the rotating grinder

The diameter of the outer cylinder decreases down the length of the processor, resulting
in an outer diameter of only 2.5 inches at the bottom of the processor. This significantly smaller
diameter allows a clearance of only 0.25 inches for baobab seeds to be outputted at the bottom of
the rotating grinder. While this clearance is snug, the small space ensures that only baobab seeds
that have been sufficiently cleaned of pulp are permitted to fall out of the rotating grinder. If
seeds that are not entirely cleaned before they reach the bottom of the processor, they will remain
in the rotating grinder and continue to be processed. Once they are clean enough to fit through
the opening, they easily fall out of the opening at the bottom of the processor.
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5.0 Experimental Design
5.1 Experimental Method
The agricultural processor prototype is designed to serve three main functions: (1)
separate pulp from other parts of dry baobab fruit, (2) grind the pulp into a fine powder, and (3)
output clean, unharmed baobab seeds. These requirements were considered when designing
appropriate experimental criteria, resulting in the creation of several main categories to test and
observe, as seen in the testing criteria table within this section (Figure 43).
The prototype was tested with two different substances: sugar cubes and baobab fruit.
Because sugar cubes are granular and more easily broken apart, they served as a preliminary
testing material for the prototype. The sugar cubes used are Domino brand “sugar cubes dots”.
The sugar cubes have side lengths of 0.5 inches (0.125 cubic inches in volume), and the method
used for processing the sugar cubes was identical to that of baobab fruit. The amounts of
unprocessed sugar cubes outputted at the end of each test were gathered and analyzed to
determine approximately how much of the sugar was processed during each experiment.
Preliminary testing with sugar cubes allowed the author to approximate results expected when
testing with baobab fruit. Additionally, preliminary testing with sugar cubes helped eliminate
the most ineffective test parameters prior to experimenting with baobab fruit.
As the testing criteria table below outlines, the prototype was tested several times with a
specified amount (0.11 pounds) of either sugar cubes or baobab fruit. Different parameters of
the process were altered during each test in an attempt to define the most favorable operation
conditions for the prototype. Data were collected throughout the testing process, and portions of
this information were used in subsequent calculations to compare performance under different
test conditions.
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Because the prototype is manually powered, the user’s ability to operate the machine and
the level of comfort associated with each test were closely monitored. The user’s heart rate was
recorded before and after each test to ensure consistency between tests and determine which
conditions required the greatest physical effort. The heart rate that is considered “healthy” for
the user’s gender and age (women between the ages of 20 and 25 years old) is between 130 and
166 beats per minute, with a maximum suggested heart rate of 190 beats per minute (Peterson,
2010). This information was considered after each test to ensure the user’s heart rate was below
or within the target range of healthy heart rates for her age and gender.
In addition, different speeds with which the user operated the processor were compared to
determine the optimal speed that allows for user comfort with acceptable effectiveness. The user
estimated the amount of time that she could sustain the physical activity to pedal at the required
input speed. The user specified whether she estimated she could provide the physical input to the
processor for less than 0.5 hours, between 0.5 and 2 hours, between 2 and 4 hours, and greater
than 4 hours. By estimating the approximate amount of time she was capable of sustaining the
required physical activity, the user provided information about the feasibility of the processor of
being manually operated continuously for long periods of time (i.e., one full work day of 8
hours).
During baobab fruit testing, a pulp-to-seed ratio will be calculated to analyze to compare
the amount of baobab pulp removed during each experiment. After a trip through the
agricultural processor, an amount of powdered pulp will be successfully removed from the
baobab seed, but it likely that some residual pulp will remain on the seed. The pulp-to-seed ratio
has been defined as the weight of the seeds (including residual pulp that has not been effectively
loosened from the seed) after testing divided by the initial mass of baobab fruit tested (Figure
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43). Because a uniform amount of baobab fruit will be tested during each test, this definition can
be used to compare the relative amounts of baobab pulp removed from the seeds after
experimenting with various parameters. A comparatively small pulp-to-seed ratio indicates that
more baobab pulp was successfully removed during that particular test than a test with a
relatively larger pulp-to-seed ratio.
Portions of the testing method were taken from the testing method used with the 2011
Prototype created by the Penn State Student Team to allow for a comparison between the two
prototypes (Zellers, 2011).
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1.

Prototype Capacity
a. A specified amount of material (sugar cubes or baobab fruit) will be used during each test.
b. The time required for the processor to sufficiently process the substance will be recorded.
c. A ratio will be used to compare the machine’s capacity for processing baobab the Spring 2012
prototype created by the Penn State Student Team.
Mass Processed Fruit kg
Test Time minutes
d. When testing sugar cubes, the remaining, unprocessed parts of the sugar cubes will be gathered and
weighed to determine the approximate amount of sugar that was processed during the test.
e. When testing sugar cubes, the size of the remaining, unprocessed cubes will be measured to quantify the
approximate size of the sugar cube that was unprocessed after the test.

2.

Pulp Quality
a. Pulp particles will be examined and the average particle size will be approximated.
b. The rotating grinder will be visually examined to check for large pieces of pulp remnants.
c. Pulp will be inspected for the presence of residual fibers.

3.

Seed Quality
a. Seeds will be visually inspected to determine the amount of residual pulp.
b. Seeds will be visually inspected to search for damages.
c. A ratio will be used to determine the approximate amount of pulp that remains on the seeds after each
test.
Mass Seeds after Test kg
Mass Processed Fruit kg

4.

Additional Prototype Settings
a. The angle of incline of the prototype will be changed throughout the testing process in order to gain a
rough idea of the best condition for processing.
b. The user’s input will be changed throughout the testing process in order to gain an idea of the ideal
physical abilities needed for operating the prototype.

5.

User Experience
a. Heart rate will be recorded after each test.
b. A qualitative evaluation of the user’s comfort level both during and after each test will be recorded.

Figure 42: Test categories

60

A sample of the data sheet used to record conditions and results from each test can be
found in Appendix D (Tables 11 and 12). Using the metrics outlined above and through several
rounds of varied testing, the optimal settings for this prototype were determined. After
understanding the requirements for the optimal prototype settings, the strengths and weaknesses
of the prototype can then be analyzed.

5.2 Results
Prototype testing was conducted over a period of five days during March 2012. Tests
with both sugar cubes and baobab fruit were conducted, and the results recorded included both
qualitative and quantitative data. Numerical information, as well as observations and user
experiences, were recorded to ensure that all possible data were incorporated into this analysis.
Prior to material testing, the potential shaft velocities of the rotating grinder were
determined. The average individual is able to maintain a pedal cadence of between 60 and 110
RPM when riding on an exercise bicycle (Lovett, 1994). For the processor gear ratio, an input
angular velocity corresponding to 60 RPM on the primary shaft (1 pedal rotation per second)
results in a shaft velocity of 216 RPM for the rotating grinder. An input angular velocity
corresponding to 110 RPM (nearly 2 pedal rotations per second) corresponds to a shaft velocity
of 396 RPM for the rotating grinder.

61

The author tested various rotational velocities on the prototype and was able to pedal at
both 60 and 110 RPM. Because these two speeds represent the relative boundary conditions of
feasible pedaling speeds for an average individual, an additional speed of 90 RPM (1.5 rotations
per second) was tested. This input speed results in a shaft rotational velocity of 325 RPM for the
rotating grinder. These three input rotational velocities (60, 90, and 110 RPM) are reflective of
the spectrum of power that is comfortable for an individual to exert and were used during each
test.

Several different angles of incline for the agricultural processor were tested to determine
which setting best allowed
baobab to be processed. The
angle of incline for the processor
was calculated as the angle made
by the bottom of the processor
with the ground (labeled “θ” in
the photograph in Figure 43).

θ

θ

Figure 43: Processor at 40º
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This angle was modified by raising the bottom of the processor up by adding additional
supports underneath the wooden frame, thus decreasing the incline of the processor.

θ

Figure 44: Processor at 22º

Knowing the length of the processor (a constant) and measuring the height of the
processor from the ground (a variable), the different angles of incline can be calculated by using
the inverse sine function:

sin‐ 1 θ

Testing the processor performance at different angles of incline was done initially using
sugar cubes to test the prototype under less-demanding requirements and to conserve baobab
(imported from West Africa and not as available as sugar cubes) for final performance testing.
In each of the tests, 0.11 pounds of sugar cubes were fed into the rotating grinder at a moderate
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input rotational velocity of 90 RPM. Four different angles of incline were initially evaluated and
analyzed for further testing, as outlined in the table below.
Table 4: Results of Rotating Grinder Angle Testing

Angle of incline (º)
40

Height from
ground surface
(inches)
0

30

4.5

26

6.5

22

8.8

15

12.5

Feasibility
Not feasible – incline is too steep to allow sufficient time for
sugar to be processed by the rotating grinder.
Not feasible – incline is too steep to allow sufficient time for
sugar to be processed by the rotating grinder.
Potential feasibility – with sufficient shaft rotational velocity,
sugar can be processed effectively.
Feasible – incline is sufficient to allow sugar to be processed
gradually as it travels down the length of rotating grinder.
Not feasible – incline is not great enough for gravity to pull
sugar down the processor.

Experimenting with angles provided insight into the differences between the 2011
prototype and the current prototype. Because the speed of the rotating grinder in the current
prototype is slower than the electrically-powered rotating grinder of the 2011 prototype (400
RPM versus 720 RPM), the angle of incline must be modified accordingly.
At angles of both 40º and 30º, the slope was too great to allow for sufficient processing of
the sugar cubes before
reaching the bottom of
the rotating grinder. The
large slope caused pieces
of sugar cubes to be
pulled through the
processor too quickly for

Figure 45: Sugar cubes stuck between mesh cylinders during testing

the sugar to be broken
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into smaller pieces. As a result, large pieces of sugar cube became stuck between the two
cylinders of the rotating grinder, preventing the inner cylinder from spinning at all. When this
occurred, tests were stopped and the sugar cubes had to be manually removed from the top of the
processor.
At a 15º angle, the slope was not steep enough to allow gravity to pull pieces of sugar
cube through the processor. During this test, the sugar cube was crushed sufficiently at the top
of the processor, but was not pulled by gravity to the bottom of the processor. Large pieces of
sugar cube remained unmoving near the top of the processor, allowing the inner cylinder to
rotate freely but without the sugar cubes being processed. In this event, the test had to be
stopped and the sugar cubes had to be manually removed from the top of the processor.
Operated at 26º and 60 RPM, the rotating grinder could not sufficiently process sugar
cubes. When the machine was operated at 90 RPM and 26º, the sugar cubes fell through the
processor too quickly to be adequately processed. At 26º and a user input of 110 RPM, the sugar
cubes were able to be processed sufficiently as they moved down the length of the processor.
This result indicated that conditions may be sufficient for processing baobab with the prototype,
as well. Providing the physical input for a user input rotational velocity of 110 RPM was
significantly more difficult than processing at a slower input velocity and it resulted in much
greater discomfort for the user.
The angle of 22º was the optimal angle for processing sugar cubes. This slope is not
extreme, but it is sufficient for gravity to slowly pull the sugar cubes down the length of the
processor. At each stage in the processor, the remaining parts of the sugar cube became smaller
as the cube travelled down the length of the rotating grinder. At this angle the processor could
be operated at a variety of user input rotational velocities and still process the sugar cubes
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effectively. Three different speeds were tested at this angle of inclination to compare the effect
that different input speeds had on the quality of processing. The results of the tests performed at
an angle of 22º are seen in the table below.
Table 5: Results of Testing Performed at 22º

Test
Number

Angle
(º)

User
RPM

Machine
RPM

Sugar
Mass
(lbs)

Heart Rate
Before
(beats /
min)

Heart Rate
After
(beats /
min)

Time
Required
(seconds)

Average
Output
Size (in)

Weight of
Output
Sugar (lbs)

1
2
3

22
22
22

60
90
110

216
324
396

0.11
0.11
0.11

100
96
104

116
128
132

--127
131

0.490
0.263
.218

0.075
0.020
0.012

At an input rotational velocity of only 60 RPM, the sugar cubes travelled down the length
of the processor too quickly to be sufficiently processed. As a result, the sugar cubes became
lodged within the processor and prevented any further rotation of the rotating grinder’s inner
cylinder. Because of this, the test had to be ended and the sugar was manually removed. The
average size of the remaining, unprocessed sugar cube was quite large – nearly 0.5 inches in
diameter -- indicating that a higher speed is necessary to ensure adequate processing of the sugar.
Although the author’s heart rate had risen after pedaling at 60 RPM, it was at only 116 beats per
minute, which is below the target heart rate range for women of her age during moderate activity.
She experienced no physical discomfort and, if necessary, it would be possible to sustain such an
operating speed for several hours (between 2 and 4 hours).
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At an input rotational velocity of 90 RPM, the sugar cubes were sufficiently processed as
they traveled down the length of the processor. At the bottom of the processor, circular, small
(approximately 0.25-inches in diameter), and unprocessed remains of the sugar cube were
outputted. These remains were similar in size to baobab seeds, which indicated that this
particular combination of machine settings could potentially process baobab.
Although the author’s heart rate increased to 128 beats per minute after this test, there
was no physical discomfort. While the user estimated that it would be difficult to sustain this
physical activity for more than 2 hours, she estimated she was capable of operating the processor
at 90 RPM for between 0.5 and 2 hours.
At an input rotational velocity of 110 RPM, the sugar cubes were also sufficiently
processed. The outputted remains of the sugar cubes were even smaller (approximately 0.20
inches in diameter) than the results obtained at 90 RPM, indicating that the highest speed of
rotation may be optimal for processing baobab. After sustaining this input speed for only two
minutes, the author was
noticeably short of breath, and
her heart rate had risen to 132
beats per minute. This heart
rate was higher than the results
from all previous tests, but
definitely within a healthy
range for sustained physical
activity. While she estimated
that it would be possible to

Figure 46: Sugar cube remains after processing at 110 RPM at 22°
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sustain this speed for short amounts of time (0.5 hours), the user believed it would be impossible
for her to sustain this activity for longer than 0.5 hours.
After the tests performed at both 90 and 110 RPM, loose sugar was evident on every
surface of the prototype and in the surrounding vicinity. Visual inspection of the sugar debris
showed that the cubes had been broken down into individual grains.

Figure 47: Processed sugar

After using sugar cubes to determine the most optimal angle and rotational velocities for
processing, baobab fruit was tested in the prototype. Experiments at the three different input
rotational velocities (60, 90, and 110 RPM) were performed at an angle of 22 º. The tests
performed with baobab fruit yielded similar results to those completed with sugar cubes. The
results of these tests are found in the table below.
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Table 6: Test Results of Baobab Fruit Testing at 22º

Test Number

Angle User
(º)
RPM

Machine
RPM

Baobab
Mass (lb)

Heart Rate
Before
(beats /
min)

Heart
Rate
After
(beats /
min)

Time
Required
(seconds)

Pulp –
Seed
Ratio

1
2
2 (2nd Trial)
3

22
22
22
22

216
324
324
396

0.11
0.11
0.09
0.11

104
100
100
100

116
124
120
132

--121
119
100

--0.672
0.450
0.400

60
90
90
110

As was the case with sugar
cubes, the test with an input
rotational velocity of 60 RPM
showed that this speed is insufficient
to properly process the fruit.
Because the fruit travelled the length
of the rotating grinder too quickly to
be sufficiently processed, large
pieces of baobab became stuck

Figure 48: Baobab seeds after processing at 60 RPM at 22º

between the two mesh cylinders,
causing the test to be stopped prematurely to remove the unprocessed fruit from the assembly. In
this case, only part of the fruit was processed sufficiently, and a thin layer of baobab pulp coated
the surfaces of the prototype.
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When tested at an input rotational
velocity of 90 RPM, the results were more
promising. The fruit was processed easily as
it moved through the length of the rotating
grinder, with the seeds, fibers, and seeds
separating from one another. The seeds
exited the bottom of the grinder, and there
was a thick layer of pulp that covered the
prototype and surrounding ground. After
collecting and weighing the seeds and
powdered pulp, a pulp-to-seed ratio of
Figure 49: Baobab seeds after processing at 90 RPM at 22º

0.672 was calculated. This result

can be used to compare the relative amount of pulp removed at 90 RPM to subsequent tests.
Because there were significant amounts unprocessed pulp remaining on the baobab seeds
after the first test at 90 RPM, the seeds were sent back through the processor again to see the
effect a second test might have on the remaining, unprocessed pulp remaining on the seeds.
After a second test with the same baobab seeds, the pulp-to-seed ratio was calculated to be 0.450
when compared to the initial amount (0.11 pounds) of baobab initially processed. When
compared to the pulp-to-seed ratio after one trip through the processor of 0.672, it can be seen
the second trip through the rotating grinder resulted in additional removal of fruit.
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Although the prototype may not be capable of processing all the pulp with just one pass
through the rotating grinder, the rotating grinder is capable of removing nearly all the pulp from
the seeds; visual inspection of
the baobab seeds after the
second pass through the
prototype showed seeds that
were much cleaner. After
each of these tests, the user’s
heart rate was at
approximately 120 beats per
minute, which is within the
healthy, expected range.
When tested at an
input rotational velocity of

Figure 50: Baobab seeds after processing at 110 RPM at 22º

110 RPM, the baobab seeds were outputted after just one trip through the rotating grinder with
nearly all pulp removed. The pulp-to-seed ratio after the initial test was calculated to be 0.400.
When compared to the initial test run at 90 RPM, this result is significantly smaller. When
compared to the pulp-to-seed ratio calculated from the second test run at 90RPM, this result is
still less, indicating that a user input rotational velocity of 110 RPM is the most effective at
processing baobab. Although this result indicates that the highest user input rotational velocity
results in the most effectively processed baobab pulp, the user was physically uncomfortable
after completion of the test. Her heart rate was recorded to be at a healthy level of 132 beats per
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minute, but she estimated that it would be impossible to sustain the required physical activity for
more than 0.5 hours.

6.0 Discussion
Testing of the prototype revealed information about its strengths and weaknesses as well
as opportunities for improvement and future work. The most optimal angle for processing both
sugar cubes and baobab fruit is 26º, and the most effective input rotational velocity is 110 RPM,
resulting in 396 RPM of the grinder shaft. The amount of baobab processed during one trip
through the rotational grinder increased with each increase of user input rotational velocity.
Because of this, it is believed that pulp would be processed even more effectively at increased
rotational velocities of the processor.
Although the user may not represent the physical characteristics of a typical Sub-Saharan
African woman who would use the agricultural processor, she represents a healthy, young
woman. The results gained from testing of the prototype can be said to apply only to women of
similar physique. With additional testing of individuals with varying physical capabilities would
greatly help gain an understanding of the processor’s capabilities when operated by a variety of
users.
While an input rotational velocity of 110 rotations per minute produced the best results,
90 RPM also produced acceptable results. Additionally, it was found that more pulp can be
removed from the baobab seed when the fruit is sent through the processor a second time. At an
angle of 22º and a user input of 90 RPM, a significant amount of additional fruit was able to be
processed when sent through the rotating grinder a second time.
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At an input rotational velocity of 110 RPM, the processor prototype is more effective
than when operated at 90 RPM. However, an input rotational velocity of 110 RPM was
determined to be the upper limit of sustainable human power for the author, as at this rate, the
author experienced general discomfort and shortness of breath during testing. Although the
physical discomfort felt will vary greatly between different users of the prototype, the upper limit
of physical requirements is important to observe. Any level of discomfort felt during testing
indicates that the end users of the product with similar physical characteristics would be
uncomfortable when using the prototype.
The ability to process raw baobab and produce powdered pulp and clean, pulp-free
baobab seeds after roughly two minutes of effort suggests that, with several key improvements,
the processor may be capable of processing larger amounts of baobab fruit in a commercial
setting. As the results from testing show, an increase in rotational velocity of the grinder
positively affects its effectiveness at processing baobab pulp. While the user input rotational
velocity cannot be reasonably increased, the gearing ratio of the sprockets used on the assembly
can be modified to obtain higher rotational velocities. When building this agricultural processor
prototype, only sprockets and chains available for bicycles were used in an effort to incorporate
sustainable, abundant materials. However, the use of sprockets resulting in greater gear ratios
would increase the rotational speed seen by the rotating grinder. In future iterations of this
prototype, testing sprockets with a higher gear ratio to one another would be a worthwhile
method for increasing the effectiveness of the processor.
While increasing the rotational velocity of the rotating grinder will increase the
prototype’s effectiveness, increasing the total length of the rotating grinder also has potential to
increase performance. By increasing the length of the rotating grinder, the rate of taper between
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the large input diameter and the small output diameter would be more gradual, allowing pieces of
baobab fruit additional time to be processed before reaching the end of the grinder. An increase
in the rotating grinder’s length could allow the user to input a slower, steadier velocity and could
potentially allow for more baobab pulp to be processed at a given time. While any increase in
length would result in a larger piece of equipment, the tradeoff between size and machine
effectiveness could be analyzed to understand the effects of a change in dimensions of the
prototype.
During testing, the prototype was discovered to have a very small capacity for holding
large amounts of either sugar cubes or baobab fruit; although it is possible to fit more than 0.11
pounds of baobab into the processor at one time, processing more than this amount proves
difficult for the rotating grinder. This mass is significantly less when compared to the 2011
prototype. Tests on the 2011 prototype showed the potential to process approximately 2 pounds
baobab fruit per minute for a total of nearly 970 pounds of baobab per day (based on a 480
minute work day). The current prototype was shown, at best, to process 0.11 pounds of baobab
in a span of 100 seconds (1 minute, 40 seconds), for a total of approximately 33.1 pounds of
baobab per day.
An increase in throughput can be achieved in the future by creating a larger rotating
grinder – either by increasing the length of the rotating grinder as discussed previously, or by
increasing the initial diameter to allow more pulp to be fed into the grinder at one time.
While conducting tests, the author discovered that the method for adding pieces of
baobab fruit to the rotating grinder is not easy and may be unsafe because the inner cylinder is
rotating at high speeds and there is only a small gap for inserting pieces of fruit. To improve the
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process of inputting baobab fruit in the future, a hopper can be built and attached to the top of the
grinder to allow for easy addition of material by the user while operating the machine.
The author found the placement of the rotating grinder to be an annoyance during testing.
Because it is located behind the seat stand, the user must turn the head and upper body slightly to
obtain a good view of the rotating grinder. While this motion was not initially uncomfortable, it
became progressively more troublesome and painful as tests were conducted for a longer periods
of time. By relocating the rotating grinder to be directly beside the user, the comfort level of the
user can be increased.
While the ability to sit while pedaling is a positive feature of the prototype, the seat
became uncomfortable. Additionally, the seat stand was uncomfortable for users who were of
different bodily proportions than the author. To improve these qualities, the seat stand should be
adjustable in future reproductions of this prototype. By making both the seat location and the
angle of the backrest adjustable, the user will be able to customize the seat stand to his
preference, resulting in less discomfort and more usability. In addition to these improvements,
the inclusion of arm rests and a small side table have the potential to improve user experience.
Because this prototype was lacking such features, the author’s arms felt tired after several
periods of testing and there was no easily-accessible location to place personal items or baobab
fruit before testing.
The materials used in the agricultural processor design are available in Benin, providing
outstanding potential for sustainability of the prototype. The mechanical parts used to transfer
energy (sprockets, chains, and shafts) were all of the type that can be found on typical bicycles
throughout the world today. The steel used to create the seat stand and lumber used to create the
rotating grinder, likewise, can be found in abundance throughout most parts of the globe. To
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create the prototype, simple tools and skills such as welding, drilling, and sawing were the only
processes required, indicating that the necessary materials and labor required to build this
manually-powered agricultural processor can be found throughout all areas of the world.
Because the rotating grinder processes food, it will eventually need to be made of foodgrade material, such as stainless steel. This requirement was ignored in the present prototype.
However, future work should include an analysis of the availability of this material and testing
performed with a stainless-steel rotating grinder to see the effects of this material.

7.0 Conclusion
In the Sub-Saharan African Republic of Benin, the implementation of a manuallypowered, agricultural processor could improve the lives of rural inhabitants by providing a
method for processing one of the region’s most important forest resource foods, baobab.
Additionally, the prototype’s use of sustainable, inexpensive materials allows inhabitants to both
build and repair the processor, independent of external sources.
The use of empathic principles when designing the agricultural processor improved the
development of the prototype. The author’s previous experience with potential end users of the
product provided insight about necessary characteristics and design constraints. By “becoming”
the user, the author obtained a perspective that was helpful when designing the prototype. The
use of empathic design principles, rather than the traditional engineering design method, allowed
for more creativity and ultimately created a prototype that has potential for implementation and
further use in rural areas throughout Sub-Saharan Africa.
Although initial test results show the manually-powered agricultural processor is less
effective at producing baobab pulp than previous prototypes and current methods used, there are
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several simple changes that could be made to improve the processing method. It is believed that,
with future study and improvements, the manually-powered prototype could be as effective as
the 2011 prototype created by Penn State students. Several obvious and important improvements
that can be made are to increase the prototype’s capacity to process greater amounts of baobab at
once and to extend the length of the rotating grinder to correct for the slower rotational speeds
supplied by the user. In addition, future research about available sprocket sizes could benefit the
prototype by creating a larger gear ratio between the user input and the speed of the rotating
grinder. Research into each of these possible improvements will result in improvement of the
prototype.
The creation of a manually-powered agricultural processor for baobab fruit provides
proof that, one day, rural inhabitants of developing nations may be capable of processing baobab
pulp more effectively. Because of its use of sustainable, abundant materials and commonlyunderstood mechanical processes, this prototype is a machine that could potentially be replicated
increasing economic and food security to benefit rural populations throughout Sub-Saharan
Africa.
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Appendix A – Penn State Prototype Elaboration
Main Drive Shaft
Motor

Supports

Primary Grinders
Rotating Crusher

Secondary Grinders
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Appendix B – User Interview
Interview with Women of the Cooperative
An interview was conducted with four women from the Cooperative Agricole Le Baobab during
the trip to Benin in May 2011. The members interviewed represented a large range in age,
giving a broad perspective on life at the Cooperative. Interviewees ranged in age from the most
senior member of the Cooperative, Madam Veronique, who is sixty-five old, to the youngest
member of the Cooperative, at only fourteen years old (?).
Their answers to the questions have been rewritten into paragraph form and include observations
made by students interviewing.
How much time do you spend at the Cooperative Headquarters per day?
The season for harvesting baobab is from January to April. During that time, the women work
five days per week at the Cooperative between 8:00 AM and 2:00 PM. Because one of the
country’s two rainy seasons begins in April and lasts until July, they must stop processing
baobab pulp by April.
In what way would you prefer to use a new baobab processing machine?
This question was originally asked to determine the way that the women would prefer to
physically power a manual machine – whether by hand, by feet, with rotary or linear motion, etc.
The responses received were varied – one woman said she would prefer to sit down while using
the machine, one woman preferred to stand, and one woman said she would like to use her feet to
create pedal power for the machine. Madam Veronique said she was unable to make any
decisions about what she would prefer to use until she had seen a prototype of a machine.
Are your arms or shoulders sore after working?
All of the women said that, usually, their shoulders do not hurt. They have been used to working
very hard since childhood, and they are all quite strong and conditioned for the laborious work.
Do you think having many small machines or one large machine would be preferred in the
Cooperative?
Three of the four women interviewed said they would like to have a few small machines, rather
than one large machine. Although they seemed to prefer this, they did not rule out the possibility
of having one large machine, and the
Do you work as individuals or as a group?
The women work as a group.
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Observations during the trip to Benin show that these women work as a team together to process
baobab. Each woman always has a specific role to play in the method of processing baobab
pulp. Any substitution for the traditional method for processing baobab must be able to
incorporate many women at one time, as it is part of their culture to spend time together while
working at the Cooperative.
What is currently your cleaning process for the materials used to process baobab?
The women dump buckets of water and soap on top of the equipment and clean it every day.
Why did you join the cooperative?
The youngest girl replied that she joined the Cooperative to make money to support herself. The
Cooperative is a fair organization – it doesn’t make the women work long hours or many days
out of the year.
Do you make enough money to support your family?
Yes – each woman at the Cooperative makes 100 CFAs (Central African Francs) per day. This
amount is equivalent to $0.20.
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Appendix C – Concept Selection Aides

Table 7: Customer Needs

Customer Need
Comfortable
Less labor-intensive
Safe
Culture

Description
Users should not be in discomfort while using the machine
Users should not exert themselves in a way that is physically harming
Users should understand necessary safety precautions to take when
using the prototype; no unsafe part of the machine should be exposed
The women of the Cooperative work together as a group; the designer
must ensure the prototype does not infringe on this cultural interaction
between the women

Table 8: Design Constraints

Constraint
Power
Materials
Language
Processed Food
Standards
Unit System

Description
Lack of a reliable power source does not allow for constant access
to electricity; design must include a different method of generating
power
Lack of access to many standardized materials used within the
United States; design must use materials common to the area
Different languages are spoken in the United States and Benin; the
author must ensure the use and operation of the design is easily
understood across regions
Regulations within the United States mandate that processed,
powdered foods must have a particle size of between 300 and 600
microns order to be sold within the country
Different systems of measurement are used in the United States and
Benin; one, uniform system of measurement should be used in all
aspects of design. The International System of Units (SI Units)
should be used in future iterations due to its wide acceptance
throughout the majority of the world.
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The prototype is light enough
to be easily transported
The prototype is made with
materials that are easily found
in West Africa
The prototype is safe to use
The prototype produces food of
sufficient quality for sale in the
United States and European
Union
The prototype is easy to
understand
The prototype is easy to use
The product is durable
The product is powered
manually
The product is economical
X
X
X
X

X

X

X

The product will produce powdered baobab pulp of an
average particle size between 300-600 microns.

The product will be as small and lightweight as possible
without compromising effectiveness

The product will not require any external power source

The materials will be as cost-efficient as possible

The product’s assembly will be easily understood and
possible with tools found in the West Africa

The products inner workings will be sealed from the user

The materials used will be readily available in West
Africa

The materials used are easily sanitized

The product can be operated without an unrealistic
amount of physical activity from the user

The product is made with materials that are long-lasting
and can withstand the required torque

Metrics

Table 9: Quality Function Deployment

X

X

X
X

X

X
X
X

X
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Easy to Understand

Ease of Use

Durable

Manually-Powered

Cost

Total

Normalized Total

Percentage

Rank of Importance

Made with
Sustainable Materials
Safe
Produces Food-Grade
Baobab
Easy to Understand
Ease of Use
Durable
Manually-Powered
Cost
Total

Produces Food-Grade Baobab

Light / Compact

Safe

Light / Compact
Made with Sustainable Materials

Table 10: Analytical Hierarchy Process Weighting Matrix

- 2
9 --

1/9

1/9

1/4

1/4

1/4

1/9

1/7

3.226

0.02

1.55

9

1/3

1/2

9

7

1

1/5

2

29.033

0.14

13.9

3

9 3
9 5

-1/2

2
--

9
7

8
6

9
7

3
3

4
8

47.000
45.500

0.23
0.22

22.6
21.8

1
2

4
6
4
9
7

1/9
1/8
1/7
1/3
1/4

1/8
1/7
1/8
1/3
1/8

-3
7
7
8

1/3
-1/2
6
6

1/7
2
-2
2

1/7
1/6
1/2
-1/2

1/8
1/6
1/2
2
--

5.091
11.744
13.767
28.667
24.375
208.40

0.02
0.06
0.07
0.14
0.12
1.00

2.44
5.66
6.61
13.8
11.7
--

8
7
6
4
5
--

1/9
1/7
1
2
1/2
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Appendix D: Sample Test Data Sheet

Table 11: Test Data Sheet for Sugar Cube Testing

Test
Number

Angle
(º)

User
RPM

Machine
RPM

Sugar
Mass
(lbs)

1

0.11

2

0.11

3

0.11

4

0.11

5

0.11

6

0.11

7

0.11

8

0.11

9

0.11

Heart Rate
Before
(beats / min)

Heart Rate
After (beats
/ min)

Time
Required
(seconds)

Average
Output Size
(in)

Weight of
Output
Sugar (lbs)

---

Table 12: Test Data Sheet for Baobab Testing

Test
Number

Angle
(°)

User
Input
(RPM)

Prototype
Input
(RPM)

Sugar
Mass
(lbs)

1

0.11

2

0.11

3

0.11

4

0.11

5

0.11

6

0.11

7

0.11

8

0.11

9

0.11

Heart Rate
Before Test
(beats / min)

Heart Rate
After Test
(beats / min)

Time
Required
(seconds)

Pulp – Seed
Ratio
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