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Abstract
Museums like the Children’s Museums and Theattdahe (CMTM) and the

EcoTarium continually strive to produce engagingikits that promote family learning since
families with young children are their primary agewites. Using design criteria developed by
museum researchers over recent decades, we lpudtatype pneumatic arm exhibit for CMTM
to inspire children’s interests in engineering annce. We conducted several rounds of
prototyping at the EcoTarium to refine the desiMfe conclude that the final design was very
successful in meeting CMTM'’s learning outcomesludimg the promotion of family learning
and active prolonged engagement, and recommenthtéhatuseum move to final fabrication of
the exhibit.
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Executive Summary
Children’s museums and science centers continsailye to develop exhibits that appeal

to a wide variety of audiences, but especially fE®iwith young children since these are their
primary audiences. Styles of exhibit design hawnged over time from static, didactic
approaches of the past to hands-on, interactivibixhhat encourage family interaction and
learning. Exhibit evaluation has played a ke iialin this evolution. Many museums now
engage in extensive evaluation of exhibit protosyfzeensure that the final exhibits are engaging
and effective in promoting the desired learningcoates, such as family learning. The project
described herein is part of a larger effort to digwen-house capabilities in evaluation and
exhibit design at a consortium of New England muosethat includes the EcoTarium
(Worcester, MA), the Children’s Museum and Theafr&aine (Portland, ME), the Discovery
Museum (Acton, MA), and ECHO (Burlington, VT). Wrked closely with staff at the
Children’s Museum and Theatre of Maine (CMTM) armEarium.

Methods
Our primary goal was to create a prototype robatm exhibit that meets the Children’s

Museum and Theatre of Maine’s (CMTM) learning olipggs and promotes children’s interest
in engineering. To achieve our goal, we developesigroject objectives: (1) to clarify CMTM’s
desired learning outcomes for the robot arm exhiBjtto develop the design criteria that will
ensure the prototype exhibit promotes the desearthing outcomes and meets the other design
objectives, such as safety and accessibility,d®y¢ate a series of prototypes based on the
design criteria, (4) to test, evaluate, and refireeprototypes, and (5) to develop

recommendations for development and evaluationtofé similar exhibits.

We began with a basic ‘robotic’ arm that had béeveloped at CMTM through several
prior stages of prototyping. We conducted sevenahds of prototyping evaluation at the
EcoTarium and CMTM to refine the design to prometéve prolonged engagement (APE) and
encourage family learning. We used establish desigeria, such as those developed by the
Philadelphia Informal Science Education Collabea(PISEC), to guide the design and
evaluation process (Borun, 1998). We also condu#gularly with staff at CMTM and the

EcoTarium to ensure that the prototype exhibit magting the desired learning outcomes.



Findings
The findings from each round of prototyping helpsdo make the interface more user-

friendly. The first complication we faced was thevament of the arm. The initial movement
was jerky and made it difficult for the visitor tge exhibit. This also prevented prolonged
engagement which was our goal. With the help af ft@ntrol valves, the movement became
much easier to control and the learning outcomearbe more transparent. Once the arm was
easier to control, it promoted prolonged engagerbgmroviding the user with an open-ended

objective based goal.

We also found that the difficult nature of the asmperation was a perfect attribute to
promote parental and peer involvement. Operatiskils also drastically increased over time
and once children had a mastery of the movemewtithd no problem walking other visitors
through the process. With the introduction of ajecotive based game, these outcomes increased,

gave the exhibit direction, and expanded on the taseser interaction.

Our final major finding was that we would need &vélop displays to assist with the
exhibits use. These signs provided visual instomcéis to the function of each component of the
user interface. Additional displays explained te garents the scientific concepts at work which

they could them explain to their children.

Conclusions and Recommendations
From this prototyping we learned much about thakektesign and evaluation

processes. As for these evaluation methods, wedfthat design criteria and desired learning
outcomes are essential to establish at the begjroiithe design process. These learning
outcomes must not be too specific however, becauiseery difficult to design to a specific
learning outcome due to the different perceptisersimay have of the exhibit. We also found
that prototyping on the floor must occur as soopa@ssible since it is an invaluable way to gain
essential information directly from museum visitorerough this prototyping, we found that
gradually improving the exhibit’'s design provedieaso analyze and determine which changes
were useful. Debriefing and analyzing the protatgmsession as a whole after the fact proved

useful for connecting the group’s thoughts and olz®ns of the day.



Our recommendations moving forward with our speafthibit would be to first fully
enclose the exhibit to prevent children from reagharound. We would also recommend further
developing the diagrams and displays to assisiskes in their experience. Finally we
recommend creating ways to make the technology eqgparent whether it is through magnetic
tic-tac-toe pieces or making the airflow directapparent. As a sum of our project, the CMTM
has a working prototype that engages visitors, ptesifamily learning, and connects them to

engineering concepts.
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I. Introduction
In the United States museums attract more tham8Bion visitors each year, this is

more than six times the number of people that diteery major-league baseball, basketball,
football and hockey game in a typical year (Monolel008). As this statistic indicates,
museums are popular, but they strive continualletoain relevant in a changing world so they
can achieve their primary goal of education.

In the past, museum exhibits were designed acaptdicurator preference rather than to
meet the particular needs of audiences with diffelrgerests. Typically, a museum might
include numerous static displays of artifacts friwe museum collection with interpretive text
panels and labels. Over time, museums began totghifcorporate more interactive, hands-on
exhibits that research shows are more engaginganchtionally effective. Science museums
and children’s museums in particular have beerhercutting edge of the changes in exhibit
design and approaches to informal learning, althargy history, and other museums are
adopting many of the same strategies. Given the@af the audiences at science museums and
children’s museums, they have placed special engpbadamily learning.

The Philadelphia Informal Science Education Coltative PISEC)identified seven
characteristics, that if present could increasalfa@arning in an exhibit (Borun, 1998)hese
characteristics are: multi-sided, multi-user, asit®#e, multi-outcome, multi-modal, readable,
and relevantBorun, 1998. While these characteristics do not constituttéhal is needed in a
family exhibit, the PISEC research showed they maifkincreased family learning. Evaluation
methods have evolved and enabled the ever-chamgirlg of museum exhibits and have been
developed by numerous museum experts over an eedgratiod. The Exploratorium has
developed and promoted the concept of Active PgddrEngagement (APE), based on their
research showing that exhibits that engage vis#otisely for extended periods are better able to
promote learning (Tisdal, 2004). The APE studiesgaize four different types of engagement
and methods to measure how effective an exhilbit &hieving these forms of engagement.
These different forms of engagement are Physigdgement, Social engagement, Intellectual
engagement, and Emotional engagement (Tisdal, 2004)

Smaller museums try to build better exhibits usmgluation and the design guidelines

and learning outcomes research, but lack the ressucollaborations one way around this



limitation. The XLab collaboration, including the&rlarium and The Children’s Museum and
Theatre of Maine intended to develop in-house ciipab in evaluation and exhibit design in
order to meet the desired learning outcomes maeetefely.

We used the same design guidelines identified e\YAfRE and PISEC research to further
develop a robotic arm exhibit that promotes fartelgrning and interactive engagement. This
exhibit must achieve the learning objectives that Thildren’s Museum and Theatre of Maine
(CMTM) has envisioned for it. We used studies ohifees that use the exhibit as well as
feedback collected from the museum staff as ounmairce of data. We have developed the
exhibit and test the robotic arm prototype at theEarium museum in Worcester,
Massachusetts. Depending on the results of thetesteedback from visitors and museum staff,
we evaluated the success of the prototype usinigvend museum staff feedback, as well as
observations of visitor interactions with the ptgfe. We subsequently, adjusted the exhibit as
necessary and retested the revised prototypewatibund it met CMTM'’s desired learning
outcomes. In the following chapter we outline hearachieved our goals.

In chapter 1l of this report, we outline the baakgnd to this project and the relevant
literature on exhibit design and evaluation. Inptkalll we describe our methodological
approach to the robotic arm exhibit design, detgibur design and evaluation approach. This is
followed by 1V, our findings chapter, where we d#ése the changes of evaluation process, our
discoveries from prototyping, and our conclusiddisapter V summarizes our recommendations

for further work in this field.



I1. Background
It is important to look to the past to see the atroh and progression of museums when

developing an exhibit. Many studies have determthectriteria which make an exhibit
successful in the aspect of family learning. Frbwse studies, methods have been produced
which evaluate these exhibits. In section 1 weudis¢che changes in the museums over time.
The evolution of learning styles is presented ttisa 2 followed by a comprehensive
explanation of the general and ongoing shift frodidactic to a constructivist approach in
museum education. In sections 4 and 5 we disotssactive exhibits and the exhibit design
process respectively. In section 7 we outline défife kinds of evaluation. Finally, in section 8

we present an overview of how exhibits are develapeanuseums.

1. Overview of Trends in Museums Changes
Museums have adapted since their beginnings irr todmpe with changes in learning

style, visitor demographics, and society’s perspestabout activities considered to be most
enjoyable. They continue to recreate themselvekevittying to define their role in society. In the

following section we discuss the evolution of mussuearning outcomes.

1.1 Museum Shift
Museums of the early twentieth century generaltyes as a display site for interesting

objects and historical artifacts. Children’s angtsce museums began to shift away from such
didactic displays and towards exhibits which appe&ab and engaged a larger audience while
introducing new topics. This shift began to také&lho the 1970s when museums started to
incorporate visitor-centric behaviorist and constirtist approaches to exhibits and programs.
These hands-on displays and visually appealingogshtontained less text and consequently
appealed to a diverse audience. Each individuabomass reaction to the new interactive style is
different when it comes to how and when they chdnget all. This is impacted by the
resources available, mission of the museum, andpheons of those involved. Even today,
museums continue to evolve in an effort to remaiavant and attractive to visitors.

In the 1980’s there was a shift to more guidedaliscy in the museums. The idea of
guided discovery takes learners through a logiegd-by-step series of discoveries towards a
predetermined goal (Shaw, 1999). In problem solMiearners take their own path towards

discovery and are free to make decisions aboutubgct matter. In the individual learner-



designed program, learners pose problems and psoduions independently (Shaw, 1999). It is
important that visitors can understand the texdy ttould in fact pursue their own independent
inquiry. The innovation of both guided discovergaroblem solving has had a positive impact
on the design of museum exhibits. Along with Shatler studies such as Hein have looked into

the inquiry-based learning which is outline in s&tt7.

2. Evolution of Approaches to Learning in Museums
Learning in a museum is very different than leagrima classroom. Although educators

are now more aware of Gardner’s (Gardner, 1991jiphelintelligences, which bring more
senses into the learning process and incorporates movement. Using the knowledge that all
children learn differently and therefore addingriore aspects of visual, musical, interpersonal,
intrapersonal, linguistic, logical, and kinesthetgpects into their exhibits helped create more
interactive hands-on exhibits (Gardner, 1991). @tlgrand Clandinin together wrote in
Teachers as Curriculum Plannettsat it is “more important to understand what geop
experience than to focus simply on what they dayr(@lly and Clandinin, 1988). As museums
recognized that children learn differently and thabple come to museums for different reasons,
these museums realized that they needed to caadirthese different styles and needs by having
a variety of exhibits. The desire for more experarnearning makes field trips to the museum a
great opportunity for a child to engage in interaetearning. This is accomplished by looking at

and touching an exhibit to inspire the child tosgmething new. (Falk and Dierking, 2000).
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3. Shift from Didactic to Constructivist
The style of learning in museums has been chargingtantly to accommodate the

learning capabilities of its visitors. This sweepnh didactic to constructivist has broadened
throughout museums over time.

Families have many options for activities that thay choose to participate in which
range from anything from going to a movie theatevisiting a theme park. Also with advances
in home theaters, video games, and computers, déinemn@ore reasons for a family to stay inside
their house rather than leave to find entertainmBmese are all factors which a museum must
compete with to gain the attention of the public.

Even with other options, museums are still succskfe to the role they play in society
as a place of learning. “There is an element thtatactive learning brings to the table that
conventional teaching or informational videos cameach”- Rachel Blasius, elementary level
educator. This feeling that museums can reachremilthrough a different approach to learning
about the real world is the main pull that bringwisitors. Along with the interactivity and thrill
that some museums can bring to the visitors, pst@md teachers attempting to educate their
respective children realize this important formearning and the benefits it can bring about.
This form of family entertainment and education wesde evident to the group when visiting

the CMTM. Families were observed interacting angyng the exhibits which they were using.

4. Child Development
Children’s development is important to take intmsideration when creating a children’s

museum exhibit. Children’s museums have a typigdlence age range from newborn to eight
years old (Roberts, 2010). Over this age ranget ladppens in a child’s growth and
development.

4.1 Developmental Stages
Not all children develop at the same rate, buicslby children start to play with simple

toys and play pretend games like house and othear epded imagination based games by age
too. Children ages three to six begin developimgddpability to learn on their own or work
together with minimal conflicts with each other.tBeen ages four and six, they start following
simple rules easily. Then around age five, thedthiinind becomes more project-based and a
child may play out scenarios with cause and effHuis transition leads into the child starting to
understand the reasoning behind rules and stgudstion them and take more risks. This age of

5



experimentation is crucial since things the childst more intuitive things. However, they find
criticism brought about by failure difficult to takand this impacts their decisions going forward.
It is important for museums to pay attention tcsthdevelopmental stages in order to positively
impact children and spark, rather than stunt, sitgyavith their exhibits (Museum, B. C. s. M. C.
C.s., 2010).

As children get older, their questions become netaiborate focusing on “what”
guestions at age two, moving on to “why, when, hod” questions by age five. As the
guestions get more intricate, the answers do ds avel by age five, the answers to questions
become affirmative sentences opposed to an irressgdgponse (Museum, B. C.s. M. C. C. s,,
2010). More importantly the child starts searchmgknowledge around this age.

Many science centers and other museums are coaanhittdesigning interactive exhibits
as an effective, fun, and compelling educationaliona. It has been seen that each exhibit has
its own optimal set of interactive features. Fatamce, too few and the exhibit fails to engage
visitors, but too many and the experience is p&mptg troublesome and can then become
unapproachable. After this balance has been adahielddren would be excited by and
naturally feed off of such exhibits.

4.2 Learning Stages
The stages of learning that children go throughoaittned by Piaget’s four stages of

intellectual development. Piaget was a psycholagistexpert on cognitive development and
child education and his views have been widelymdgh The designation of these stages;
Sensorimotor, Preoperational, Concrete Operati@amal,Formal Operational, help educators
determine the best way to teach a specific chieh@@och, 2005). Granted every child grows
and develops at a different pace, each goes thringgle stages in order within a relatively
predictable window of time (Baldwin, 2011). Withaacounting for the adult visitors,
children’s museums have a typical audience agewborn to eight years old which makes the
setup of their exhibits more focused on the sensaor and preoperational stages, with a little
bit of focus and aim on children who have reaclmedcbncrete operational stage (Roberts,
2010). The sensorimotor stage is when a child céyfocus on what they see in front of them.
Children test things out to see how they reactitiing them, shaking them, or putting them in
their mouths. They still believe that things dagxist if you can’t see them which is why peek-a-
boo is such a common game for infants. By the pedmnal and concrete operational stages,



the child starts thinking things through reasonatitych signifies their transition from intuition
to logical reasoning. They start to focus on thisioke world, not just about how the world

relates just to them.

5. The Evolution of Evaluation
Museums have moved increasingly toward constrigttamd behaviorist approaches to

learning by designing and incorporating hands-otgractive exhibits. To evaluate the success
of this new style of exhibits, evaluators typicdthpk at dwell times as a measure of the
effectiveness of an exhibits, assuming that ‘timeask’ is a proportional and directly related to
the engagement of the child and what has beenddahiuseums adopted a new style of
prototyping with more of a focus on trial and erréirst, a working prototype would be
developed to test the overall feasibility of théaiéxt concept. Should the prototype pass the
initial stages of testing, it then passes to thdé pbase of development where the remainder of
the exhibit is developed and further refined, ldhg the way collecting feedback from museum
visitors and staff alike. This process continued i@peats until a final piece is developed that is
deemed complete enough to be left out as a stamd&oor piece (Athorn, 2013).

In common practice, the evaluation process is sylit 3 different parts: front end,
formative, and summative. This divide causes thehbaéixdesign process to become more
structured and helps the process by which exhdbésdesigned by removing some of the guess
work and adding to the process. Such modes of atraiuare especially important for smaller
scale children’s museums. Since these museumstd@wme the resources to make expensive
and significant changes to finalized versions dfikits, it is more cost effective to conduct
evaluations early on so they can identify potergrablems and correct them earlier in the
process. Front-end and formative evaluations camsbd to help with these earlier corrections.
A formative evaluation is an informal qualitativesassment of an exhibit where details of
content are overviewed. A summative evaluationcviseeks to monitor educational outcomes,
often for purposes of external accountability, barused to determine the success of an exhibit
in the public eye. It is expensive to setup a sutivea@valuation and any changes that are
needed end up being very costly as the exhibit isifinal version; however the knowledge
learned from these studies can be used when agdater exhibits (Hudec, 2004).

As evaluation methods developed, museums discoveatanuseum visitors spent more
time at exhibits that were engaging and interactiVeey also discovered that people tended to
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learn more and these hands on and interactive ixhldith time, it was observed that
interactivity can only be taken so far and thaeahibit that is too hands on (e.g. excessive use
of computer monitors) is more often than not corprteductive and proves to be over
stimulating and even over whelming for some visitétISEC and APE developed out of these
new evaluation methods and grew out of a long tystbevaluation and represent the
culmination of years of research. The PISEC gatrcuses more clearly on design criteria
while the APE guidelines are more geared towardsther end of the spectrum that focus on

learning outcomes.

5.1 Active Prolonged Engagement
Active Prolonged Engagement (Tisdal, 2004) warogept whose primary goal was to

change the role of a museum visitor from reciparknowledge to an active partaker of the
exhibit. The project was broken up into two stagles,development stage and then the
evaluation phase. We specifically looked at thduatson phase.

The evaluation phase consisted of analyzing o@exx®ibits on the basis of levels of
engagement. These different forms of engagemerRlaysical engagement, Social engagement,
Intellectual engagement, and Emotional engagenaaah individual visitor was treated as a
unique case study for each exhibit. After eachrigghe APE team interviewed those willing to
take an interview on their experience and thesewkown in the results.

The end result of each individual case study asged® levels of each form of
engagement and compared them with time spent a&xthbit and also the visitor's
demographics. A short synopsis of each case stadyalgo provided with any information
gained from the interview. In the overall analysighe exhibit, the successes of each form of
engagement, significant examples of engagementesa®f the exhibit, and level of satisfaction
were all outlined using the data from each indiaidtase study.

This study gave a true basis for the evaluatioanoéxhibit and also, with examples of
engagement given in the case studies, gave criterighich an exhibit’'s success could
ultimately be determined.

Following this discovery, in the late 1990’s, theporatorium Renovation Initiative
continued in the development of exhibits that emaged a shift in authority from the museum to
its’ visitors—a shift from planned to self-discoyer which included the refurbishment of many
of physical science exhibits (Gutwill, 2006). Theporatorium project was marked by a



systematic improvement in the strength of initiaj@gement at physical science exhibits. “We
found that a refinement of both the physical arapgical features of these exhibits produced a
more fluid entry point for visitor interaction” (®will, 2006). This work was rewarding in its
obvious effect on the visitors: they were now &8d puzzled about what they were supposed to

do with those exhibits and why those exhibits warehe floor in the first place.

5.2 PISEC
PISEC defined seven characteristics of a Familgety Exhibit. They include multi-

sided, multi-user, accessible, multi-outcome, muldidal, readable, and relevant. These
characteristics will be used as criteria to meatheesuccess of the exhibit. A multi-sided exhibit
should be easily observed so that families clusgearound the exhibit can be active together. A
multi-user exhibit will allow several people to ube exhibit at one time. This ties in with multi-
sided in the fact that it will cause clustering many visitors will be able to use the exhibitaif
exhibit is multi-user, it should also be accessibid allow for comfortable use by children and
adults alike. A large hurdle in the design procesisbe creating an exhibit that is small enough
for use by young children, but not so small thaepts do need attempt to interact with their
children. As a child leaves the museum, it is intqarto know if they have learned and are
continuing to explore more in their mind. This addalls under multi-outcome which will

show, through observation and interactions thaetitegoal of the exhibit is open for the user to
determine at their own discretion. Having an extbei multi-modal is one of the main
characteristics. This means that it will appealdoying learning styles and levels of knowledge.
The exhibit must also be readable; text will baaged in easily understood segments. Even
though most children will go straight to playingtiwthe exhibit and a parent might read the text,
the text placed around the exhibit must be cleaetieless. Lastly the exhibit must provide
cognitive links to visitors' existing knowledge aexberience and relevant and can be seen in the
table below Borun, 1998.



Characteristics of Family-Friendly Exhibit

Multi-sided Family can cluster around exhibit
Multi-user Interaction allows for several sets of hands/bodies
Accessible Comfortably used by children and adults

Multi-outcome Observation and interactions are sufficiently

complex to foster group discussion

Multi-modal Appeals to different learning styles and levels of
knowledge

Readable Text is arranged in easily-understood segments

Relevant Provides cognitive links to visitors’ existing

knowledge and experience

Table 1 Characteristics of Family-Friendly Exhibit (Borun, 1998)
6. Learning Outcomes in Design Process
Evaluators have identified key learning outcomes taols to measure these outcomes.
From these learning outcomes exhibit developens éstlablish a museum’s role in society as a

source of informal learning and not only entertaémtn

6.1 Examples of Learning Outcomes
Successful science programs build upon a childss @gperiences, background, and

theories learned and understood at an early ageti\a®03). A program should also be able to
encourage a child to pursue their own questiongeldp their answers and ideas, explore topics,
and talk to someone about their findings. It is am@ant that all children have access to science
and technologies, and that it is something a olildrmuseum is capable of doing. Learning to
work with others is a skill that children can gairan exhibit. It is important to make an exhibit
not just for one child but to keep the parent deolsibling involved in the exhibit and the
learning process. There are three types of playnith@mes to learning about science;
dramatic, exploratory, and constructive. Dramal&y fhnappens when a teacher is interacting
with them and the child is told the functionalitiytbe item they are using. Exploratory play
occurs when a child is trying to find out how tokeaomething work or happen without any
assistance. Constructive play occurs as a chittsfanchallenge of building something and goes
for it (Worth, 2003). With these different typespéy, one can see that there are many ways to
keep a child engaged with technology through play.
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This learning through play can also be translatesttence museums. Exhibits,
especially at a children’s museums, are contextndlhave props to promote role play which
will bring up questions for the children and en@me them to reveal their thoughts about not
just about the exhibit, but about the world arotimem once they leave to go home. The
continuation of their inquisitive thinking startsroversations with their parents when they get
home; therefore creating stronger ties betweempanent and child. However in many cases this
does not occur. In a study by Shine, Parent-Cloldeb Play it was observed that despite the
attempt to make the grocery store exhibit encounageial play between child and parent, the
parents attempted to teach concepts or guide fledgrreasing the overall communication. In
most cases it was observed that the parents wegreoinded in reality (Shine, 2004). This
shows that parental influence on a child’s learriiag a very strong input upon teaching their
children the ways of the world. Children’s museuhren need to design their exhibits in a way
that encourages involvement with the parent ash@ngtiayer and not necessarily a leader.

When a parent or teacher goes through a museunawitiid, their role varies greatly
depending on how they view what they are doinghé€it titles ranged from interpreter, nature
interpreter, environmental interpreter, and natsir&b docent, educator, and gallery educator. In
terms of what they thought they were doing, desiong ranged from teaching to interpreting to
guiding and facilitating” (Castle, 2001). The chgdes around the exhibits and it is up to their
guardian to decide if they are going to let théitccrun around and figure things out on their
own, or if they choose to act as an interpretetteir child and explain what is going on.

7. Exhibit Evaluation Principles
The key to evaluating the success or failure arbéxis having a rigorous and well

defined method for evaluating what precisely actclehrns and takes away from their time spent
interacting with an exhibit. Evaluating what pretjsa child learns from an exhibit can be hard
to evaluate, but 5 major categories have beenlegtad to judge what a child learns. The
categories include (1) awareness, knowledge orrstateling (2) engagement or interest (3)
attitude (4) behavior (5) skills and any other apts that may want to be evaluated on an
individual project basis (Friedman, 2008). Althowgneric and simplistic in nature, these five
simple points can serve as building blocks to er@ainore specific means of evaluating the

successes and shortcomings of a museum exhibit.
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7.1 Awareness
The first point of this design process is awarenlesswledge or understanding. This is a

measurable increase in knowledge of a scientificept or knowledge (Friedman, 2008). The
exhibit needs to have aspects that allow the amido understand the simplified concept at play.
If the intended principle is not sufficiently deseg for the target audience, the exhibit will
become underutilized and little to none of thenied learning outcomes can be achieved. The
author ofLearning in the Museunteorge Hein; a professor at Lesley Graduate Sdidirt

and Social Science, Cambridge Massachusetts, cetegthis as “Control—the visitor has a
sense of self-determination and control” (Hein, 899 his means that the child has a
comfortable enough understanding of the exhibm#ontain full control over the situations and
fully grasp the concepts at play. An adequate wstdeding of the fundamental principles at
work will allow for further investigation by the dth and ideally lead to conversation back home

where the parent can continue the learning process.

7.2 Engagement
Engagement or interest is the measurable increadecoease of a child’s interest in the

concept the exhibit is trying to convey (Friedma008). This can also be categorized as “Play—
the visitor experiences sensory enjoyment and plagss” or “Curiosity—the visitor is

surprised and intrigued“(Hein, 1998). With these factors in mind, an exhibit must be

properly designed to the target audience and maititair attention. If an exhibit is not
interesting enough to maintain the attention oftdrget audience, then no educational concepts
or ideas can be conveyed in the museum environfetexhibit must also not be only fun and
games. It must be thought provoking and lead teesu® ask questions, but also built in such a
way to keep the attention of its users. If an exlsbdesigned to be purely an entertainment

piece, no learning outcomes will be achieved.

7.3 Attitude
A change in attitude is gauging the altered opirba child’s perception of the scientific

topics or careers relating to the topic. This campéerceived as a newly sparked interest in some
idea or concept exemplified by the exhibit. Thigdd attitude can also be seen as a change in
“Confidence—the visitor has a sense of compete(idein, 1998). If the exhibit plays to the

strengths of a child it can easily embolden théddo continue to explore the exhibit and in turn

further their educational experience. A change ¢hild’s behavior is similar in nature to a
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change in attitude in that they are both refleatethe way that the child interacts with the
exhibit and can be viewed as a change in a choldts/ard perception toward the specific topic.
This is especially important for gauging successahee topics “that are environmental in nature
or have some kind of a health science focus siotterais a desired outcome” (Friedman, 2008).
This change is important when introducing new cpieé children because sparking interest in
a new topic is the first step for further explooati An altered attitude will also ideally lead to
further education and learning back home whiclhesuitimate goal of any interactive museum
exhibit.

7.4 SKkills
While determining the awareness, engagement, aitudat of the child playing with the

exhibit is important, another point to investigeéow the exhibit affects their skills
development. Skills have a wider definition rangbegween intellectual skills and social skills,

and interactivity has a different effect on both.

7.4.1 Intellectual Skills
The measurement of skills not only evaluates nestyuired skills, but also older skills

that the child may have had the opportunity to fcacMost importantly, it also includes a
means to evaluate a child’s ability to observessifgt, explore, question, predict, or experiment
with the exhibit which is an excellent indicatoaththe child has a firm understanding of the
scientific ideas and concepts at play (Friedmaf820The development of these skills is crucial

for the future development of interest in varioastific fields.

7.4.2 Social Skills
Another aspect of skills to be observed is the greent of social skills through

interaction with not only the exhibit but also atimuseum visitors. This is done through
“Communication—the visitor engages in meaningfuiabinteraction” (Hein, 1998). The
development of social skills is always an undedygoal of museums, and is developed through
interactivity. So the need for an exhibit to be thuser is crucial to achieve this goal. An exhibit
that is multi-user also allows for a family memb@be involved which then incorporates family
learning into the process.

“In addition, through exposure to objects and desthexhibits, visitors can make new
connections, expand their thinking to reach diffétevels of awareness, and change

conceptions, despite the evidence that concephaalge is rare and difficult” (Hein, 1998). The
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exposure to these new elements and expandingdisctiibught process to better incorporate
learning is the ultimate goal of a children’s museand a crucial step when trying to introduce

new learning topics to children.

8. Conclusion
The new visitor centric style of exhibit design lea®lved over the past 40 years. This

shift is especially visible in children’s museumBese exhibits are hands on and interactive.
Evaluation of these exhibits has played a centialin this evolution by identifying visitor

needs and interests and by encouraging museunmatdlelop criteria for exhibit design and to
contemplate desired learning outcomes more rigbyo8smaller museums like the EcoTarium
and CMTM are trying to develop their in-house calitéds in exhibit design, development and
evaluation. This project was intended to help ia grocess by assisting in the development and

evaluation of a prototype robotic arm exhibit.
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III. Methods
Our team’s primary goal was to create a prototgietic arm exhibit that meets the

CMTM’s learning objectives. Our primary projectjettives were: (1) to clarify CMTM’s
desired learning outcomes for the robot arm exhiBjtto develop the design criteria that will
ensure the prototype exhibit promotes the deseathing outcomes and meets the other design
objectives, such as safety and accessibility,d®y¢ate a series of prototypes based on the
design criteria, and (4) to test, evaluate, andheghe prototypes. Our successes and failures
accomplishing these objectives will be used to ttlgveecommendations for development and
evaluation of future similar exhibits. In the follong sections we describe each objective and
explain our approach to achieving them.

1. Objective 1: Clarify Learning Outcomes
As indicated in the background section, museuntuatars, educators, and exhibit

designers have identified a variety of learningcoates for exhibits, that include increasing
visitor knowledge, awareness, and engagement drmaheimg physical and mental skills. Others
have developed a mix of design and learning oljestisuch as PISEC with its criteria for
family learning (i.e., multi-modal, multi-user, étand APE. We will review this material and
elaborate about how it connects to our pneumatic@abtotype.

We had a series of initial discussions with CMTiMld&coTarium to clarify the learning
outcomes and subsequent discussions at regulavatgeluring prototyping in order to check
that the design was progressing appropriatelydéfiom the desire to encourage children to be
interested in engineering and to promote familyresy, the discussion of learning outcomes
ranged across a variety of topics to determinledfléarning outcomes should focus on
developing motor skills or knowledge and awaremésxientific concepts. We also discussed if
the exhibit should encourage visitors to explore Inabots, levers, and electro-magnets work, if
it should encourage visitors to build robots or headcal devices, or should it focus on how the

arm can be used to engage in an open-ended game.

2. Objective 2: Develop Design Criteria

While we did not identify an explicit, written set design criteria for the exhibit, we
consulted with staff at CMTM and the EcoTariumdentify key attributes for the exhibit. The

prototype exhibit has three primary parts: (1)gheumatic arm; (2) the user interface (Ul); and
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(3) the interactive game/task/challenge. The bdasign criteria for each of these parts were
established during initial discussions with The QM&nd EcoTarium staff. The design ideas
changed as the prototype evolved with feedback tt@rformative evaluation (see Objective 3).
Essentially, the mechanical arm should be simpbnsparent,’ and clearly demonstrate the
function of pistons and levers. Next the user fat should be intuitive, easy to use, and
accessible to multiple users/family groups. Findhe game/challenge should be age

appropriate, gender neutral, and attractive todewariety of ages and audiences.

3. Objective 3: Create Prototype
The first step in the creation of an interactiv@ibk was to fabricate an operational

prototype. The prototype exhibit had already gdmeugh several stages of evaluation and
development at CMTM, so we began with a reasonablirdeveloped basic exhibit design;
however more modifications were necessary for thépype to be user-friendly and safe on the
museum floor. In doing so we created a table-te bha keep the arm steady, moved one of the
pistons to allow for a larger range of motion, baiLexan barrier between the user and the arm,
and created a user interface with levers, a swétot,a turntable (lazy Susan). The goal was to
get the prototype on the museum floor for testimgjaickly as possible and ensure user and

visitor safety.

4. Objective 4: Test, Evaluate and Refine the Prototype
Once we had a prototype that was safe enoughv drathe floor, we started the

dynamic process of rapid prototyping and redeside. prototype evolved through several
rounds of testing, evaluation, and refinement & bloe EcoTarium and CMTM. Each refined
prototype involved placing the prototype on the eums floor, inviting visitors to interact with
the prototype, and observing the interactions.dvalig discussion about the observations within
the group and with EcoTarium and CMTM staff if nesary, we modified the prototype and
conducted the next round of testing on the floacteprototype was tested by our team prior to
testing on the museum floor to ensure safety apdogpiate functionality.

An important step to the prototyping process &pment at the museum. We had limited
options for location because the compressor wasy/rarid we wanted to be in an area with
relatively high traffic. We observed that weekdayshe EcoTarium typically attracted mothers
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with young children, while older children and mdaéhers were typical on the weekend. We
conducted testing on a variety of days to ensume@ader audience mix.

During testing, we quickly found that recruitingrpp@pants was seldom a problem.
Visitors readily approached us to try their hanthvtihe prototype and it appeared the
robot/mechanical arm was intuitive attractive tddren and adults. People were especially
eager to try the prototype if they observed otladnesady using it. We observed that the
prototype was sufficiently intuitive to many chiér that we did not need to encourage
parents/caregivers to oversee their participation.

4.3 Observation and Evaluation
During our first round of prototyping, the full fationality of the exhibit was thoroughly

explained and then we allowed the child/childreplay with the arm. While the user(s) used the
prototype, two team members observed how the vigitoup interacted with the prototype and
recorded his/her observations, one from close dpaanther from afar. The notes from this
round of prototyping were simple short hand obsgona. Once the arm was developed to a
user-friendly prototype, we created a chart (T@&)levhich gaged success based on the learning

goals and background research. However, we dids®this chart moving forward, instead, we

continued to use our same shorthand methods.

Subject Interest

(check one)

Subject gives
undivided

attention

Shows interest

but can

Subject is easily

distracted

Subject shows
little to no

interest

Ability to use
Prototype
(check one)

Subject can use
prototype with
ease

Subject can
accomplish
prototype goal
but with slight

Subject cannot
accomplish goal
but can still

slightly operate

Subject cannot
operate or
accomplish

prototype goal

difficulty
Subject Emotion] Overwhelming Curiosity Concentration Anger
(check all that Enjoyment
apply) Confusion or Disinterest Frustration Fear

feeling lost

Table 2. Original Prototyping Sheet
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4.4 Guidance
We consulted regularly with CMTM and EcoTarium tafcollect feedback from the

prototyping evaluations and how to proceed with ifcations of the prototype, especially with
regard to the overall goals of the exhibit. Théfstas able to critique the exhibit better than the
team due to their experience in the museum. Thekesfrom their expertise as to the
advantages and disadvantages of the exhibit apeédhgloint the team in the best possible

direction to achieve the design criteria.
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IV. Findings
This exhibit’s prototyping stages started befareteam began building. First we discuss

this history of the arm’s progress before we workadt. Next we discuss the design criteria we
used to develop it and test it. Finally we havemprehensive explanation of our pre-
prototyping setup followed by the details of ouototyping and what we discovered and suggest

for future work.

1. Pre-Prototyping
1.1 Earlier Stages

CMTM conducted several iterations of
prototyping and evaluation in order to develop the
version of the robotic arm that is presently onftber in
Portland. The current version (Figure 1) usesrsgve
motors which move joints and causes the arm to move
but the multi-button interface is not intuitivegtarm is
prone to failure, and the learning outcomes remain
obscure. Neither children nor adults could easily
manipulate the arm to achieve the goal of movirggsl|
of imitation bread into the baskets, and the funeiaial

mechanisms of the arm were not readily apparenesin B

-
=
.

a4

the servos are essentially ‘black boxes.” Basedasly | '

il TS

prototyping, the CMTM found that visitors could not  Figure 2 Robotic Arm at CMTM

easily understand electronics and technology stneas

unclear how pushing a button caused things to mafter looking into other robotic arms and
using their prototyping information, the CMTM deedlit was best to try a more mechanical
alternative. They made a crane-like arm with twaignis and two joints. This arm first started
with two hydraulic pistons, but the hydraulic flumhs too messy for the museum setting and
CMTM staff switched to a pneumatic system (Figure Qur team began the project with this
version of the prototype. Through discussions with sponsor Chris Sullivan and review of the
relevant literature, the group began to defindélening outcomes more clearly. The

overarching goal was agreed upon by the group e dimple task as to not complicate the
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exhibit unnecessarily. As for the specific learnmgcomes, our group and the CMTM had
collaborated and agreed to create an exhibit tisgiried children in engineering as well as

promoted family learning.

Figure 3 Pneumatic Arm

1.2 Design Criteria
Based on our review of the literature we identifsederal key criteria that would shape

our design process. In particular, we focusecherRISEC criteria to help us develop a family-
friendly design, and the Exploratorium’s criteriadevelop Active Prolonged Engagement
(APE). Our group had agreed to make the exhibihapeled and as multi-modal as possible and
wanted the parent to assume a role of explainiagtmtrol and scientific concepts of the

exhibit. Our group also wanted to create a muttedior multi-user exhibit.

These predefined criteria would be used to desnghnaodify three main aspects of the
exhibit. Firstly, the interface needed to fit thesieria in order to be used by the visitors and
therefore had to be intuitive. This interface cetesd of two valves, one to control each piston as
well as a way to control the electromagnet. The igself had to be designed with these
qualifications so the technology was transparentigh for a young child to understand. Finally,
the game or task the arm would be used for ha@ weleloped without forgetting that it needed
to be open ended, engaging, and multi-user friemtiye still being simple enough for a young
child to play.

In addition to following the family learning criie; the exhibit also needed to be
constructed of cheap, durable, readily availableensds. It also had to be safe since the arm is

intended for use by children. Lastly, the desigd ttabe compact so it could be moved easily for
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testing at the museums and ultimately would fithie relatively small space (3ft by 3ft)
designated for the final exhibit at CMTM. In additito the arm itself and the user interface, we
had to design a purpose for the arm — what wémsitthe visitor should do with the arm?

Having observed other exhibits at CMTM, we decitteat an open-ended game might be the
best option and we explored what types of gamedaisfied our design criteria. Some of these
ideas included picking up a ball and placing itaoramp, which would then roll it back to the
original position. Other ideas included tic-tac;taeecycling game, as well as a shape stacking
game. With these ideas in our minds, we decidetttermine what characteristics would make
our exhibit successful. We eliminated the ball eantip game as it would take up too much space
and be too costly. The stacking game was very anergsional and not open-ended enough to
foster prolonged visitor engagement. We chose teenfarward with the two game designs of
tic-tac-toe and the recycling game. From here, we&ead on to the initial construction of the

arm.

1.3 Mechanics
Before we could begin prototyping on the museurarflave made several modifications

to the basic prototype arm provided by CMTM in arttemeet the design criteria above and

improve its operation, usability, and safety.

The original electro-magnet used by CMTM was a \egh voltage, and so to make the magnet
work properly, we had to purchase a power ada@er.group purchased an adapter, which
allows for 12 volts dc and a current of .5 ampsalhs a very safe. The first modification made
to the arm was to move the pistons into bettertjpos to control the arm. The Figure 2 below
illustrates the piston was moved from position pasition 2 and the wood at position 3 was

resized and replaced with a stronger and morebfliexiomposite material.
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Figure 4 Arm Positioning

We mounted the modified arm to a plywood baseckvibuld be attached to a table for
evaluation on the museum floor. The original bas8fax 3ft, but this was cut down to 3ft x 1ft
to allow for easier transportation. The narronasdalso allowed us to insert a 3ft x 1ft panel

for the different games.

Figure 5 Original 3x3 base before reduction

We mounted the arm on a “Lazy Susan” to allow time @ rotate freely while not
compromising its stability or safety. Once we haoumted the arm, we added the exhibit
controls or user interface. Our group decided tomiéhe interface on three small plywood
panels: one for the right valve, one for the |efve, and one for the light switch (see Figure 4).
We mounted the light switch in between the other panels to promote ease of use and because

the left and right separation of the valves allomdti-user interaction. The separation may also
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aid in intuitive understanding of which valve can$rwhich piston. We fixed these panels to the
base at an angle to allow the exhibit to lie flataotable. Angling the panels also made it more

comfortable for people, especially children, to treeinterface.

Figure 6 Interface panels fixed on a slant and valve and light switch layout

We attached the valves and light switch to theefsawith screws as seen above in Figure
4. We sanded the valve handles and the panel éolgesfety. With our interface created, we
could now attach the tubing which connected thepressor, valves, and pistons. We first had to
buy the appropriate amount and type of connecteralyes, elbows, adapters) to allow us to
complete the “air circuit”. The tube which connette the compressor ran under the base to
keep it safe and users were unable to tamper tvilthis tube then split to each valve, each of
which we connected to their respective pistons.

With our connections in place, we tested the sydig inserting compressed air. Our
compressor pumped air in at 150 psi, which proeedoobwerful for our arm’s structure and
moved the arm too fast. We reset the pressure fisil@vhich made the motion of the arm much
more controllable although the movement was &tiky. Our solution was to put in mechanical
stops on the valve panels, which physically limitieel valve range of motion which caused
pressurized air to flow in a more regulated fashion

Finally, we added a piece of Lexan to serve adetysbarrier (seen in Figure 5), with a
slot at the bottom to allow users to turn the aranthre Lazy Susan. Since two members of the
team were with the exhibit at all times when it wasthe museum floor, side panels were not
needed to ensure safety and visitors were instiutdé to reach around the panel. With these

exhibit modifications in place, we then moved itite prototyping phase.

23



Figure 7 Lexan barrier

2. Prototyping
We conducted eight rounds of prototyping at theTecmm and one round at CMTM.

During the course of prototyping we learned howliserve and evaluate visitors using the
prototype, identified needed improvements in thagie and refined our expectations of
learning outcomes. We evaluated approximately I3Dtaisors at each round with the exception
of the final two rounds, which due to the largeveds from school vacations had upwards of 50

visitors.

Round 1 (March 22, 2013)
For the first round of prototyping, the arm wasgebn a table on the ground floor of the

EcoTarium across from the pre-school area. Thiatlon had several advantages such as high
traffic and visibility, as well as a place to sttihe compressor without the noise being too
overwhelming. For this round of prototyping, norighee team members had any experience
conducting exhibit prototyping evaluations, butvés soon apparent that the preset evaluation
forms were too detailed for this stage of evaluatitnstead, we kept careful notes of our
observations of visitors using the arm includimgsgths and weaknesses of the prototype’s
design, as well as important comments from usergi$ version, Figure 5, however, visitors
had a lot of difficulty controlling the arm duettoe lack of pressure regulation, which made it
very frustrating for users. Hoping to see if thierface we designed was intuitive, the arm was
set up with no descriptions or instructions, buhwve team member there to help children go
through the steps as needed. We quickly learngdvbh@eeded to provide verbal instructions or
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cues to encourage participants to turn the wheel,the magnet on and off, and move the levers
up and down to move the cylinders. The team quilddyned within a few users the
shortcomings of the design and due to the diffictdtcontrol the arm that children focused
almost entirely on the function of the magnet rathan the arm, since it was the only aspect of
the prototype that worked well. The arm had a wprigk and jerky motion and tended to get
stuck on itself.

Having identified a clear set of functional probkme set about modifying the arm. The
first issue to tackle was the arm’s tendency tckstn itself and break. In order to fix this, we
added blocks and stoppers were. Also, the topipists swapped out with a smaller one to
reduce the range of motion of the upper portiothefarm. The magnet’s wires also tended to
disconnect and to fix this issue, the leads weet Wweapped together as opposed to using less
secure wire screws.

Once the arm was mechanically sound, the next coneas the motion of the arm. The
first idea was to try to remove the compressor ftbensystem entirely and have two pistons
connected directly. We tried to connect the pistonsiove with 1 to 1 correlation by directly
pumping air back and forth between the two pistdihe thought process behind this trial was
that children would better understand that thetioas were controlling the arm as opposed to
indirectly controlling the arm by manipulating #ivw provided by the compressor. This
worked well for a few minutes, however the systeaked and the pistons did not move as well
as expected. After attempting to seal off the spiwat were leaking, the team noted that the
pistons quickly compressed the air and sufferecs#imee problem as when the air leaked out.
Since these attempts proved unsuccessful, we @mesidvays to incorporate the compressor to

maintain the air pressure, but ultimately conclutted this method would not work either.

Increasing Arm Control
After continued brainstorming and experimentalrafits along with additional research

we found flow control valves that could make theveroent of the air much more controllable.
Unfortunately, these options were all expensive,lig, or made specifically for hydraulic
instead of pneumatic systems. After much turmod,faund a company that works exclusively
with pneumatic systems called AIR Inc. that hadledl supplies necessary fix the problem with
the control of the arm. The AIR Inc. flow contralves are adjustable and limit how fast the air
can flow out of each side of the pistons so thattiotion is much smoother. The valves were
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designed for smaller gauge tubing, however, so fitusmpoint on all the fittings and tubes were
switched to the smaller size for simplicity and sistency. By using the narrow gauge tubes we
also had the additional benefit that the fittingsarporated a quick release function that made
replacing and swapping tubing quick and easy. @ungry finding from Round 1 was that the
arm was too jerky and hard to control so visitarsfgustrated and focused more on the magnet

function.

Round 2 (March 28, 2013)
With the modifications to the arm to make it eastemove and control, the team took

the arm back to the EcoTarium for another roungrofotyping. With the new valves installed,
both children and adults were able to control time such more easily. This in turn reduced the
observed levels of frustration substantially, esgdgcamong children, and increased time spent
on the exhibit. Nevertheless, most participantsleddurther instructions as to how the levers
controlled the arm. Once they received these inBtmis, most were able to use the arm easily
and effectively to pick up and drop the bolt, whweas still the only task required. At this point
in time, we were still discussing the necessitgighs with our advisors and sponsors to explain
the controls of the arm. We wanted to see if useutd figure out the controls though trial and
error and test how well of an exercise in probleiwviag the user interface proved to be. Once
we had verified the necessity of the signs, wedfitteem to front panel to note their
effectiveness.

These diagrams, seen in Figure 6, allowed parents t

visually perceive the controls of the arm and ttiegn : i
instructed and guided their children using thiswlealge. The - "
children would initially walk up and just wildly fitand push |
the levers, but once they actually tried to figtive controls of
the arm, most children seemed to grasp the contfdiey did
not understand, most parents would instruct theldieen and
explain how each lever controlled different paftshe arm.
Some parents would relate it to everyday life bgtgposing
the arm to a human arm by comparing different pintthe
arm to a shoulder or elbow. Another father saidisodaughter |

that the arm worked like the crane he operatessdt and she Figure 8 Handle Controls
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immediately understood and expressed a new fouttidigiasm for the exhibit. Another quick

fix was adding a piece of tape to the magnet td liesidual magnetism so it will always release
the object it is moving. Over time, the bolts teshdie become slightly magnetized, so much so
that the bolts would not drop even after the magrast turned off. We also adapted our
instruction style to focus more on the mechanichefarm and its controls instead of the
magnet. This proved to be much easier once thenasreasier to control. The children tended to
focus almost exclusively on the magnet in the ficsind since the magnet was the only aspect of
the exhibit that worked well. This new instructimgthod effectively highlighted the motion of
the arm. The success of round 2 of prototyping stbus that the arm was ready for the next
stage of prototyping which would implement objeetbased games. We decided on two games:
a recycling game where cans are placed into a liagylmin and a tic-tac-toe game. The team
also placed physical barrier to help limit the amdnge of motion so it would not get stuck on

itself as often.

Figure 9 Round 2 Testing

Round 3 (April 4,2013)
Our changes in the third stage of prototyping pdoteebe effective but this stage of

testing also showed us a main problem with thewhmeh had not been addressed. The valves
can direct air through one of two tubes or lockgiistem up. The connection the children were
not able to make was that the valve’s position m@seflective of the arm’s position. We also

noticed that the levers were situated in a forveard back movement orientation rather than up
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and down. This confusing orientation made it diffidor children to connect the levers
movement with the arm’s movement seen in Figufehis finding lead us to the understanding
that the user interface needed to be more intuitive

The solution to the confusing nature of the vawvgderation was to use springs to push
the handle to a position which was correlated with“stop” position as seen in the picture
above in Figure 8. Two springs were fixed to thedi@ and two barriers were set up on either
side of the pivot point to make this happen. We &lsndled the left and right issue by re-
attaching the valves to the base in a strictlyigarposition so that all motion was up and down.

Round 4 (April 6,2013)
These changes showed us some successes and falavegourth prototyping stage.

The vertical positioning of the valves made itidifft for parents to see helpful directions and it
also made the valves hard to reach. The springsegdroseful but they were not as effective as
we would have liked them to be at returning theve@db its neutral position. Our improvements
started with the spring. The springs acted in casgion, pushing the handle to its neutral
position. We decided to flip the direction of fosdey making the springs pull the handle back to
the middle rather than push. Since the springeguti opposite directions with equal force, the
resting position of the handle is in the middle ethis perfectly in the neutral section. We also
went back to our original valve orientation aftensidering other options. It was the most viable
option which did not interfere with the vision
of the visitor and worked reasonably well
previously. In this round we also color codet
the pistons, in Figure 8, to match their
handles in an attempt to give a visual

connection. This really did help and Parent

were able to point out the connections to th

children.

Figure 10 Color Coded Pistons, Handles Vertical

Round 5 (April 10, 2013)
Ouir fifth prototyping stage showed us that our rsgwing design worked as intended. We

had to make minor adjustments to the panel whiehvétve is mounted to allow for maximum
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motion since the panels were too small right. Alidjo the
recycling game worked, it would need to be consjadrdset’ for
the next user. The tic-tac-toe game however, eited children
regardless of how they find it, since children wbtdke clearing
off the board as a task as well. This achievedmemanded
game that fulfilled all the learning outcomes degiby the
group and our sponsor. The game can be playechendafter
the pieces can be sorted and the simple thriliakipg a piece

up is enough to get children’s minds thinking.Histstage we

also added a regulator to try and show the chiltlahthe air

Figure 11 Springs

had a pressure, but it was not noticed.

Round 6 (April 12,2013)
In this round of prototyping we fixed

some of the labeling and added a more durab ol Ry

tic-tac-toe board. This new board was needed
since the arm was ripping the board when it
was made of construction paper and also added

raised dividers between spots on the board to

are dropped by the arm. This was a success @
worked really well since children enjoyed
playing the game and were able to get the § y : s _.:%T._

. . Figure 12 Tic-tac-toe
pieces into the spots on the board much mor
easily.

Round 7 (April 15,2013)

In this stage of prototyping, we went to the CMTdAest out the exhibit in its intended

home. Throughout the day, the arm moved througit&tions. The day started set up in the
CMTM's theatre room which made testing difficulbse parents were not comfortable with their

child being in a room with 6 other adults watchthgm. We then moved to an area with higher
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foot traffic. This gave us a much better audienuz lzelped us determine that the audiences at
the EcoTarium and CMTM were not really that differe=inally we moved to the very front of
the museum and finished out the day there. Aftendmg the day testing, we came away with
more clarity on the learning outcomes. The overagcigoal is to inspire an interest in
engineering, but the specific subsets of that goalo try to explain the topics and start thecchil
guestioning applications of pneumatics, electronséigm, and help to foster and develop
problem solving skills at a young age. Developingrderesting exhibit to accomplish these
goals will lead to children asking questions in fimeire which allows for further parental and
family learning which will ideally spark a long-tarinterest in various STEM topics. We chose
these learning outcome subsets after discussiahsGhiris who participated in the day’s round
of testing. Through additional collaboration withrs it was decided that in order to accomplish
these outcomes the technology must be made mospaeent by adding more color coding and
labels so the children and care givers alike cailyemake the connection between the controls
and the movement of the arm. Additional prototypimigdidactic displays that explain the
function and application of pneumatics and elecagnets will be necessary to adequately
explain the topics so caregivers can pass alongrtb@ledge to their children.

Rounds 8 and 9 (April 18,2013 and April 19, 2013)
Our last two rounds of prototyping at the EcoTariciearly showed that the exhibit

design was a great success. Our team sat backbardved the exhibit and found that it operated
as well as when we had a host. The same longelvitgeowas achieved and the same level of
recruitment was visible through the formation diha to use exhibit. The multi user aspect was
not lost either as the same cooperation and pgerdoteaching was observed. When we took a
closer step we could hear conversations aboutcikatgic principles and not just how to use an
arm to play tic tac toe. The exhibit performedstanndingly and clearly inspired children all by

itself and their use of it.

In these final prototyping rounds, we tested omasmew signs that were developed to
help the caregivers understand the pneumaticslantt@magnet so they would stay longer at
the exhibit and be able to explain these thingbéa children. These signs are in Appendix D.
At this point in prototyping we sat back and watttiee family interact with the arm with limit

interference from us except in the case that al atds reaching around the glass.
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Figure 13 Final with Signage
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V. Conclusions and Recommendations

1. Conclusions

1.1 Prototyping

Throughout this project we have come to some ramntlusions. First off, prototyping is
an essential part of exhibit design. What seemstive to the exhibit designer may not be so
obvious or intuitive to a visitor. Testing protoggearly in their development and observing
users is the only way to assess this intuitiveeabghit as well as any other limitations it may
have. It is also important to test exhibit ideagady as possible in the design process. Even if
the design seems rudimentary, testing this withors allows for the design process to develop
to the needs of the visitor and also avoids hathiegexhibit designer try to backtrack in the
design process to find what causes issues fooxgsiTesting a small number of changes
sequentially and making incremental design chargpseferable since it is much less difficult
to evaluate the effect of one change compared topleuchanges made at once. These changes
are also then easier to spot and observation adrfeveractions between users and the prototype

are needed before the next change can be made.

We have also noticed that recruiting for the rabatm exhibit was relatively easy, in
part because of the choice of location for tharigsh the museum, but also because the arm
seems to have an immediate ‘attractive power’ fsitars. As noted by the Exploratorium in
their evaluations of APE exhibits, attractive pougeone key element of successful APE
exhibits. Using guidelines and studies such as AREPISEC, we learned that the presence of
two evaluators greatly simplifies the prototypinmggess, since one can play the role of recruiter
and assistant, as necessary, while the other ctirelmbserver and note-taker. Finally, Regular
discussion and debriefing among evaluators espediacussions between evaluators in these
different roles, during the course of prototypisgessential in the design and evaluation process.
It is also important to continue this communicatiith exhibit designers and museum educators
after discussions between evaluators. This prasasscessarily iterative, but perspectives on

design criteria, design options, and learning oues evolve dynamically.
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1.2 Exhibit Design

Although we have not conducted a formal summatixeduation, we conclude that the
exhibit design is quite successful based on ouerstadnding of PISEC and other design criteria
for the design of family-friendly exhibits. Our eRit is intuitive to users and even relatively
young children are quickly able to understand howgerate the arm and magnet with only little
written or pictorial instructions. Left and riglgMers enable multiple users, and encourage peer-
to-peer, sibling, parent-child interactions makihg exhibit multi-user, and the variation in how
people work together or guide each other whilegitiire exhibit makes it multi-modal appealing
to many different learning styles. The design & tiser interface has also made the exhibit
accessible to all ages since it can be comfortabdg by children and adults. Some elements of
the design may need to be more polished for fialati€ation in order to become universally
accessible, but the simple levers and switch shenddble many visitors with more limited motor
skills to access and operate the exhibit. Thisk@khas also shown to be multi-outcome once a
game was incorporated. Adding a game as simplie-tacttoe, encouraged peer-to-peer and
child/adult interaction and we observed that theractions regularly fostered group discussion
about how the arm works, conversations about pngcsrend hydraulics, levers, and joints in
the system through analogies to the human armelsashow the magnet works. These

conversations occurred naturally and were incretisedigh additional didactic panels.

While we did not evaluate the prototype expliciiing the APE criteria, the prototype
appeared to be immediately attractive as showrebg ef recruitment. It was especially
attractive to visitors who first saw it alreadynmotion through the use of another visitor. We also
observed that the exhibit encouraged prolongegaetigagement, since we had many subjects
who stayed with the exhibit for more than 10 misuted one who stayed for 45 minutes. Many
of the arm’s visitors were found to leave for ex$ic reasons such as a parent cajoling the
child/children to leave once they had decided i$ wwae to look into other exhibits. The
evaluators also noticed that visitors posed andiarexd their own questions, including ‘what if’
guestions followed by exploration using the arng trat they searched for and reflected upon
causal explanations for exhibit phenomena. Finaltyije we did not formally evaluate using the
ACI criteria, we did notice that parents or othdulés took on a variety of roles while interacting
with children at the exhibit, including supervisplayer, co-learner, interpreter, and facilitator.

‘Refueller’ was not really a relevant category,aqithe set-up of the exhibit as a prototype.
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1.3 Learning outcomes

The robot arm exhibit is part of a larger exhibitdesigned to inspire children to have an
interest in science and engineering, and the aiglasign of the arm was intended to encourage
visitors to explore the nature of robots, how thayction, and what they can do. The various
early designs experimented with different userrfates to enhance the ease of operation, but
the fundamental question remained what do visleams from the exhibit? While the prototype
appeared to meet many of the PISEC and other designia it remains unclear what are the

fundamental learning outcomes of the exhibit.

A large problem the CMTM staff came across with pinevious robot arm was that the
basic servo mechanisms that make up the arm aléetttally inaccessible ‘black boxes’ to
children which made it difficult for the staff téecify what fundamental learning outcomes they
intended the arm to promote. It is for this reag@at CMTM staff moved back to a more simple
design using first hydraulics then pneumatics. Idig on this design, we have developed a
prototype that meets many of the design criteniaftamily friendly exhibit. The question
remains, however, what are the fundamental learoitigomes of the prototype. Is the
prototype designed to encourage the developméiriemotor skills, which is one of the NSF
impacts (Friedman 2008), or are the learning ousota encourage greater awareness,

knowledge, and understanding of pneumatic pistoreghanical levers, and electromagnetism?

From our experience, it appears that it is exttgmidficult to clearly articulate in
advance what the desirable learning outcomes ekhibit should be. Indeed the learning
outcomes may change during the course of exhiinigg and development, but it is helpful to
have a goal learning outcome to strive towards. élew, if the exhibit encourages active
prolonged engagement and is well designed to prempen-ended family learning, does it

matter that the fundamental learning outcomes nemaspecified?
2. Recommendations

2.1. Exhibit Development
When designing an exhibit we recommend to firsidkeon the learning outcomes which
are desired to be accomplished by the one exlilstimportant to be very clear of what

outcomes are desired beforehand and having thehmaie success easier to measure. We also
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recommend getting the prototype out onto the fEmsoon as possible as to get the most
information early on as possible. This stage lets gnalyze the flaws present before further

perfection is sought out.

As for the prototyping process itself, we recomahérat for the first stage the users be as
guided as possible. As the prototype is furtherett®yed, it is better to let the exhibit stand by
itself and observe from a distance only intervenimgases where the exhibit fails. We also
recommend taking note of the physical changes ratlee exhibit. Also it is a good practice to
determine what is being tested at each prototyugd and logging them to see how they
change over time. Our post prototyping form as ale/lve found to be very helpful and showed
the full evolution of the exhibit and how we adaptke exhibit and our prototyping process
throughout our project. We would recommend the st to anyone testing a prototype

exhibit in addition to their evaluation forms anasp prototyping debriefing processes.

Throughout this process we have learned thatvieng important to design exhibits that
are designed to incorporate parental involvemene Way in which we recommend to
incorporate parental involvement is to have antakkiat is both exciting to parents but not
intimidating. Finding a way to portray the exhibd that it is intriguing to the child but not egsil
understood will cause the child to ask questiorthaut instantly giving up. These questions are
what provoke parental interaction. Another wayrnoarage parental involvement is to create
diagrams that help the parent understand the éxhich greatly increase the chance that they

will assist the child.

2.2. Continuation of the Arm’s Development

For continuation of this specific pneumatic arnhibx, first we recommend fully
enclosing the arm. There is currently a piece ofdrein the front of the exhibit prototype that
keeps children from reaching forward. However tbay still reach around the sides if there is
no individual there to prevent it. This is to erestwy safety of both the visitors and the exhibit
itself. We also recommend continuing the prototggmnocess. Since we have not had the
opportunity to fully test the didactics of the ptyipe exhibit we recommend testing different
signs with variable quantities and phrasing of veaget better reactions from the visitors.
Since we have determined the learning outcomes tadinly scientific, different options for

expressing the material should be explored. Soffereint aspects of the exhibit we think would
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be good to add information about would be how etesagnets work, how cylinders and
pressurized air work, the physics of angles, araimgles of each in the real world. These
diagrams should be experimented with to deterntieeeffectiveness of each at making the
material and scientific phenomena more transpdeetite user.

Along with these didactic displays of informatiave recommend having small trinkets
as side exhibit to provide assistance in undergtgn®ne example would be a cylinder that the
children can actually move and see into to decifikdunction. A simple magnet station could
also be created to highlight the fact that an ed@cagnet is present and to show how an
electromagnet works.

Another solution similar to having side exhibitglwthe arm is to tie the exhibit into
other similar exhibits in the museum it is in. lswoticed in the EcoTarium that people
understood how air can move things better when et wext to an exhibit where air lifted
things in the air. In the CMTM, the robotic arm Mak incorporated into a pre-existing exhibit
where it will be near a fan that turns motion ietectricity. This sort of connection will be
helpful for parents to describe how the arm wodkgheir children.

As to highlight the magnet’s function, we would¢@eenmend adding metal pieces to tic-
tac-toe rather than having the paper pieces witthess taped between. This will undoubtedly
give the pieces a metal look and make the maguoetgibn as obvious as possible.

Finally, we would recommend cleaning the arm Uiftla more to make it more
presentable. Possible enclosures for the handlakivgove it a nice look and new pieces for the
arm itself could be used due to the number of hiolélsem currently. However too many
improvements may take away from the unique lookitrairrently has which is a very industrial

look which has proved to attract children.
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Appendices

Appendix A - Children’s Museums and Audiences
The role of science museums is not to throw infaromaat people, but instead to

encourage and inspire experimentation, thinking, @eativity. Castle, consultant and educator
says that museums try to inspire people to leard sabsequently share that knowledge. The
exhibits have more recently become these constisizthands on, and engaging tool for
learning (Castle, 2001). The tools for exhibiticave themselves gotten more entertaining
through the years. This includes child-oriented IBsgiorium, cyber-museums on the Web,
science on giant IMAX screens, and more (Mond&l@f)8). All of these changes have made
museums what they are today, drawing in 850 miNisitors a year in the United States.

Of those 850 million, over 30 million of theseitass are children going to children’s
museums, specifically museums included in the Alasioa of Children’s Museums (A. o. C. s.
Museums, 2008). These numbers show how import@tatknow where the audience is going
and what they are looking for. In the case of theTarium and CMTM the target audience is
mainly in this category of visitors. Before deciglion the level of interactivity and what kinds of
engagements are necessary to build an interacthibit it is important to be aware of the
audience and its needs.

A study that surveyed museums found that “The Ergadience segment is families
with children in preschool-kindergarten (40 musewwaye that audience). Grades 1-3 are also a
major audience for children’s museums (38 sen&dloup). In addition, over half (26) of the
museums in our survey say they also serve upperegliary ages all the way through grade 6,
and nearly a third of respondents (17) say theyesirenagers.” (Roberts, 2010) The ages of
these children span such a large age group, antigeitill important to know the average
visitor age and the guardians who come with therhe“Bay Area Discovery Museum, for
example, has done an audience demographic surdefpand their average visitor is age 4.”
(Roberts, 2010) The Children’s Museum and Thedtidane and the EcoTarium are both
aware of their average visitor ages as well ag #uilt audience being more females then males,

and can therefore gear their exhibits toward tkieawn audience (Sullivan, 2013).
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Gender Tendencies
Major consideration should go to avoiding genderesitypes such as girl's verse boy’s

toys. In the past, pink toys and Barbie’s were giegtied to girls and boys had the option of
building and cars. It has been observed that #feepreschool age, boys and girls have a
tendency to divide from playing together with Legogheir more gender-specific toys
(Orenstein, 2011). Scientific fields have been $jawoving toward a more even distribution of
genders, but it will also need help from parentsdotinue to break the stereotypes by bringing

their girls into an engineering exhibit and nottjtmnk that is a boy’s exhibit.
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Appendix B - National Science Foundation
When designing an exhibit for National Science Faiion (NSF) the project begins

with a hypothesis about how some aspect of Scidrehnology, Engineering, and

Mathematics (STEM) education can be incorporatémltime learning and development process
of the exhibit. It starts with a proposal that o$fa plan for development with innovative
resources, modeling, and studying of the innovaionpact of STEM learning. The proposal
should express a plan of work that describes rekeard development strategies appropriate for
attaining its goals. Proposals must demonstratethewvork is related to similar research and
development (Plimpton, 2012).

Scale Up and Study Effectiveness

Im plement, Synthesize
Study Efficacy, and Theorize
and Improve

Design, Explore,
Develop, Hypothesize,
and Test and Clarify
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Appendix C - Collaboration
Since smaller museums have more limited resouscesllaborative was created to

bridge the gap in exhibit design and evaluationveen large and small museum. This
collaborative, also known as the Environmental BxICollaborative (XLab), is made up of the
EcoTarium in Worcester, Massachusetts; ECHO Lakeafigm and Science Center at the
Leahy Center for Lake Champlain in Burlington, Vemh(ECHO); the Children’s Museum &
Theatre of Maine (CMTM) in Portland, Maine; and Tiscovery Museums (TDM) in Acton,
Massachusetts. Each member has their own aregeftese. The EcoTarium has the largest
design and exhibit fabrication capacity of the @btirative, whereas ECHO has the greatest
number of hands on exhibits and specializes inrnb@poration of computer based interactive
exhibits. The CMTM specializes in the early childdadevelopment and has educational

programs for younger age groups (Worcester Natdisibry Society dba EcoTarium, 2013).

Comparative Resources between Museums
The design of exhibits requires knowledge and nessuwhich vary in availability form

museum to museum. These differences are mainlygaetarge and small museums with larger
museums having more resources and manpower thdlesmaseumsThese differences
between small and large museums and the comparatwearce capabilities were the inspiration

to create collaborations such as the XLab.

Some steps were put in place in the XLab conttettdaccount for the differences
between the members, workshops and team meetiregseem place. These two day meetings
would be conducted 12 times per year to ensure opemmunication throughout the team. The
first day of the gatherings are group collaboratizeetings and the second day would be
composed of presentations given by experts onebgerctive topics. This group based effort on
exhibit design is an extensive form of brainstorgramd should set an example for other

museums to follow.
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Appendix D- Signage

WHAT IS AN ELECTO-MAGNET?

An electro-magnet is like the magnet on your refregor back home, but can be turned on and
off. It uses electricity to work and can be usedn@any everyday items.

Magnetic scrap sorter seen in many junk yards

Without electro-magnets, we wouldn’t have any
speakers!

Because of electro-magnets, Disney World has this cool train called a monorail!

(Called a monorail because it only has one rail)
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Appendix F- Example Prototyping Summary

Prototyping Round 1 -3/22/2013

Prototyping Setup

Summary of exhibit - Main processes of the exhibit to be used. No posters or written instructions. Setup
is two pistons both using the compressor and an electromagnet hooked up to a light switch.

Exhibit testing procedure — The main concept of the exhibit is to pick up a bolt using the electro magnet
and to ultimately place it on top of a notebook. Jerrod is the facilitator and will assist users in the use of
the exhibit. This testing will mainly test the functionality of the arm and children’s ability to use it.

Testing results

Successes

* Magnet is wowing
e Multi user capable
* Longvisit time

Shortcomings

e Controls are extremely difficult
0 Pistons act too fast
0 On/off valve concept not easily understood by children
e Magnet is overpowering and makes arms function not as interesting
e Arm gets caught up on itself
e Magnet holds objects with residual magnetism
Summary of testing — The way Jerrod brought children to the exhibit was first by demonstrating the
function of the magnet by having the children turn the switch on and off and seeing the results. Then he
assisted the children in the operation of the arm and told them what to do in order to accomplish the
task of moving the bolt. The magnet was a huge draw in for the children but the operation of the arms
mechanical pistons was a complete failure and they would not be able to grasp the concept on their
own.

Suggestions

e Reduce piston speed to give greater control to the user

e Limit piston movement with manual stops to prevent “tangling” of the arm

e Cover magnet with some barrier to make objects drop more consistently

e Try observing the users rather than facilitating to see the exhibits standalone success
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