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Abstract

According to a century-old tradition in biological thinking, organisms can be considered as being optimallly designed. In modern biology this idea still has great heuristic value. In evolutionary biology a so-called design heuristic has been formulated which provides guidance to researchers in the generation of knowledge about biological systems. We developed and tested a teaching/learning method based on this idea. We call this approach learning biology by designing because students develop knowledge about the function and mechanism of biological systems by redesigning them. The three main components of the learning by designing approach are described in this article: (1) the design heuristic; (2) the main characteristics of the teaching-learning process and (3) guidelines for developing lessons with the desired characteristics.  

1.  Introduction

Contemporary reformers of science education call for learning with understanding in which students demonstrate and develop their knoweldge through a progression of increasingly complex problems (Donavan and Brandford, 2005). Engaging pupils in problem solving, as well as designing a progression of problems for pupils, is difficult for teachers. The selected problems should be both approachable and challenging for students. Moreover, the pupils should be motivated to solve the problems. In this article we describe and illustrate an teaching-learning approach in which the students contribute to their own growth of biological knowledge. We call this approach learning by designing because students develop knowledge about the function and mechanism of biological systems by redesigning them. With this approach: 

(i) students acquire in-depth knowledge about the function and mechanism of biological systems

(ii) students will also learn to account for this knowledge; 

(iii) students will learn a method with which they can generate knowledge about biological systems. 

Students therefore not only learn biology but also a form of biological thinking. This teaching-learning approach is developed and tested by developmental research on both students (Janssen, 1999) and teachers (Janssen et al., accepted) for several topics in biology. The learning-by-designing approach 

consists of three main components:  

· a design heuristic to guide teachers and students with posing and solving problems

· a description of the main characteristics of the teaching-learning process in order to realise the aims

· and guidelines for developing lessons with the desired characteristics are provided 

In this article we will briefly describe and illustrate these three components of the learning-by-designing approach. 

2.   Design heuristic for redesiging biological systems

In our developmental research we were first looking for a suitable method by which students can formulate and solve problems about biological systems. We found points of contact for such method in century-old tradition in biological thinking in which organisms are being considered optimally designed. For centuries, people have been astonished by the adaptations found in nature (Dennett, 1995). Organisms seem to be optimally designed for survival and reproduction in their natural habitats. In modern biological research, the idea of optimal design fulfils a heuristic function for developing new knowledge. In the so-called adaptationist programme in evolutionary biology, this idea is applied to investigate the function for which a certain trait is selected. Researchers aim to discover the function of a trait by redesigning it. Several steps can be distinguished in redesigning a biological system (Parker and Maynard Smith, 1990; Ridley, 2004). First, the researcher tentatively formulates the design problem (the function) to which the trait in question is a solution. Then, some alternative, biologically possible, solutions are generated. The disadvantages for survival and reproduction of every alternative are listed. This is followed by qualitative or quantitative determination of the optimal solution to a given problem. When the optimal solution corresponds to the observed trait, it is concluded that the design problem is understood. When the optimal solution does not correspond, it is concluded that the design problem, the set of possible solutions, and/or the disadvantages were wrongly estimated. The procedure must then be repeated using different assumptions. 

An important issue using optimization theory is deciding which biological structures or strategies are possible and what constraints apply. The assumption by adaptationists is not that existing traits are “perfect” (for instance unbreakable bones without mass), but that they contribute more to reproductive success than the alternatives that existed in past populations. Since variation in nature is limited by evolutionary, developmental, genetic and physiological constraints natural selection cannot lead to perfect traits. It can only select traits that are optimal with respect to a domain of biologically possible variation. Many constraints are not known in advance, but can be discovered by formulating a hypothesis and testing predictions against observations. If the predictions do not match observations, we can have overlooked constraints that arise, for instance, from the organism’s ancestry. We then should try another hypothesis, starting from different assumptions (Dennett, 1998; Ridley, 2004).  

We expected that it would be possible for studentss to apply the design heuristic for posing and solving problems about biological systems. However it was necessary to adapt the heuristic for this purpose (see Janssen, 1999 for details). We constructed a design heuristic for biology students and teachers consisting of six steps (Table 1). Table 2 shows how a teacher use this heuristic for redesigning parts of the immune system. 

----  Table 1  about here ------

----- Table 2  about here ------

3.   Characteristics of the learning-by-design teaching-learning process

In this section a description is given of how the teaching-learning process must be organised and executed in order to allow students to both develop adequate knowledge and learning to use the design heuristic independently. 

Students learn the design heuristic according to a cognitive apprenticeship model (Collins et al. 1989). After the teacher has demonstrated the heuristic, students use it individually and in groups under teacher’s supervision. The teacher stimulates students to use the heuristic an gives them feecback. For developing knowledge the educational process is organised in such a way that students start from the idea of the function of the system as a whole and discover stepwise how this function is fulfilled. Guided by the design heuristic, students solve a design problem in each step of the learning process and formulate a disadvantage of the solution chosen for that step, which is then reformulated in the next step as a new design problem (table 3) 

---- Table 3 about here ----


In order to allow all students in the classroom to participate in solving problems we often handle each design problem by the following procedure. The problem is first introduced in a classical way (classical introduction). Then students each try to think of a solution to the relevant problem for themselves (individual thinking phase). Next the solutions are discussed and further developed by fixed groups (group discussions). Using a classical evaluation the groups inventory the final solutions with their accompanying disadvantages, and following this, the teacher discusses these solutions and disadvantages with the students. The discussions involving the teacher then lead to a final solution with its accompanying disadvantage(s). At this point, the teacher offers some extra information on the final solution; afterwards the disadvantages of the solution are reformulated for the design problem central to the next step. At the end of each step students receive some additional application questions relevant to the problem at this point. With these questions the students can check or they acquired the desired knowledge. 


We will illustrate the learning process of students using the design heuristic in a group discussion when trying to solve the problem: How can an invading pathogen be made harmless (step 2 in 

designing the immune system). The protocol shows how students weighed several alternatives to come up with a kind of eating cell: 


CL: 
I thought that through cells which take away the pathogens and remove them from the body… I think you also thought the same


JT:
No. I did not think that they would be taken out of the body. Usually encapsulated, say. A wall built around them.. And you?


KE:
I also think they must go out. With something that then encloses it and then it goes out…I don't know exactly how they can do it. 


 JT:
But the disadvantage there is that they have to go through the whole body. 


KE:
Yes, and if they [bacteria: F.J.] are also half multiplied, then you really need a many enclosing cells.  


CL:
What do you think are the disadvantages?


JT:
That they remain in your body. If you only encapsulated them. 


CL: 
But couldn't there be something then that there could be something in it that then breaks off as soon as it is encapsulated? That there is a substance in it that can break the bacteria off.  


JT:
Yes, but then I don't know if that should be artificial. 


KE:
No idea! How do you make something like that? 


JT:
I don't know. 


CL:
Perhaps it is some other substance which can get in. What breaks a thing off? How should you be able to break it off? 


JT:
That I don't know. 


KE:
But they are so harmless. Actually we have them all surrounded by a distinct  cell and then it must be removed. 


CL:
Yes. 


JT:
In my opinion they stay inside.



KE:
But certain cells is a bit vague. 


CL:
Yes, I find that also so vague, distinct cells. 


JT:
Yes.


CL:
Apart from that I think also a good one is that they stay in and that the cell which encloses itself can do a little bit by which bacteria can be destroyed or so…


KE:
That can be. . 


JT:
Yes, but but how do you figure that? Then there must just be something in the cell that can, because the bacteria stay then…, don't actually come into the cell. It stays, yes it is surrounded, so it doesn't bother, but then there must be some stuff that can find its way out to the bacteria, which the cell can leave but then goes to the bacteria but doesn’t affect others cells in the neighborhood 

4. Development of lessons according tot learning by designing

We describe below how biology teacher can prepare lessons for learning by designing. Two phases can be distinguished. In the first phase, biology teachers can use the design heuristic to extend and, if necessary, adjust their knowledge of biological systems. In the second phase, this tentative problem structure is adapted to the prior knowledge of pupils in a lesson plan. 

In the first phase, in order to redesign a biological system, the teacher uses the design heuristic (Table 1). The first step in this heuristic is to identify the function of a system as a whole. For instance, the function of the heart is the circulation of blood. In the second step, this function is reformulated in a design problem (how to circulate blood in the body?). Subsequently, one or more alternative solutions and their disadvantages are formulated (steps 3 and 4). The solution with the least number of disadvantages is selected and reformulated in a design problem (steps 5 and 6), and so on. The textbook can be consulted to check alternative solutions. When redesigning a biological system you come to understand biological knowledge as an adequate attempt at solving problems. Not only do you know the problems for which the knowledge is a solution, you also know why this solution is better than some alternatives. The first phase not only results in a richer understanding of certain biological systems, but it also leads to the first tentative sequence of problems and solutions (a problem structure) for teaching the system (see Table 4). 

----- Table 4 -----

In the second phase, the tentative problem structure developed needs to be adapted to the prior knowledge of the students, since the initial problem structure is based on the teachers’ prior knowledge. We aimed at developing a problem structure in which pupils themselves would phrase the main problems and, in that way, view the intended problems as their own problems. For every problem, therefore, it must be determined whether the pupils would be able to arrive at the same solution and corresponding disadvantage. The design heuristic can be used for this task. 

First, teachers can use the heuristic to devise more solutions and disadvantages. They then determine which prior knowledge pupils need to devise the same solution and disadvantages. For example, in order to discover the disadvantages of blood vessel contraction with valves, pupils need to know, at least, that cells (need to) take up oxygen from the blood and that blood is oxyenated in the lungs. When a teacher expects that the students possess the knowledge they need, he or she can predict that (at least some of) the pupils will come up with the same solution and disadvantages as the teacher. When a teacher expects that pupils lack the knowledge they need, he or she has to consider when and how to provide additional information, which will result in minor or major adaptations of the problem structure. In some cases, it is enough to provide pupils with a hint while they are solving the problem. Sometimes, however, the problem needs to be split into several sub-problems to allow pupils to solve it, and in some cases extra problems need to be solved before they can solve that particular problem. For example, when pupils do not know the circulatory system, they have to design the system before they are able to design a heart that pumps blood through the system.

Table 5, 6 and 7 show how a biology teacher stepwise transforms his former traditional lesson on human eye,  into a sequence of problems using the design heuristic (table 6) and subsequently  adapts the lesson to expected pupils knowledge and difficulties (table 7: final lesson plan).

-----  Table 5 about here----

----- Table 6 about here ----

----- Table 7 about there -----

5.  Biology teachers about learning by designing 

Learning biology by designing is a teaching-learning approach demanding much of teachers and students. But the great majority of both biology teachers and students we have worked with find it worthwile (see Janssen 1999 for student results; see Janssen et al.(accepted) for teacher results)

The following fragment of a conversation between four teachers who have explored this strategy is illustrative.  Patricia and Frank have already applied the learning by designing strategy in their own classrooms, but Peter and Petra have not.  Frank and Patricia are enthusiastic about learning by designing. This approach corresponds with their view of teaching. Peter and Petra are still reserved. They still use the traditional approach; they instruct the theory and the students apply it. 

Patricia:
I’ve applied learning by designing in teaching immunology. I’ve also applied it at other occasions. After teaching photosynthesis I asked them: Now we have to find something to prevent the plant from losing too much water. Well, they devised very creative solutions. And not in the first place the stomata.

Petra:
No, really?

Patricia: 
In fact, you can use it whenever you talk about form and function.

Peter:
But isn’t it time-consuming?

Patricia:
Well, it turned out better than expected. And now I have the feeling that they actually think about the subject.

Peter:
Yes, that could be.

Frank:
And in addition you make it very clear to them. I remember that you (Patricia: F. J.) told me enthusiastically about the lesson in kidney working. Students first invented filtration but then realized the same time that the nutrients were lost. So they have to be pumped back. This is just an example.

Patricia: 
While in former lessons they couldn’t imagine what resorption meant.

Frank:
No, exactly. And now they do.

Patricia: 
They remember it better.

Frank:
They remember it better and put it in a bigger context. And it is, let me put it this way, a pleasant surprise for them. Yes, now I’m exaggerating a little, but they really like playing with ideas.

Petra:
Yes, but Frank, I understand that you already worked a little bit like this. You didn’t instruct so much, did you?

Peter:               Therefore it must be easier for you.

Frank:
Well, I was glad to get an impulse in the opposite direction at last. Although I already preferred the attitude: “Keep your mouth shut until they don’t know any more.”

Patricia: 
Yes, but now they have to think more than they used to do. One can say: we have always demanded more of our students. But how often are you instructing anyway, while they don’t think about it.

For teachers who are not used to letting students think for themselves, we advise implementing learning by designing gradually. To assist in this process, we offer some suggestions below:

•
It is not easy to develop a problem structure for complex systems such as the immune-system. Therefore, it’s better to let students design parts of a system first. For example in order to design stomata we can pose the problem; how can the plant prevent itself from losing water (see Patricia)? 

•
The teacher has to compare and evaluate alternative solutions in the design-approach.  When students come up with a lot of alternative solutions, this is not an easy task. Therefore, it’s advisable to keep the number of solutions limited. For instance, the teacher can present a restricted number of solutions to choose from. It is also possible to break the problems into subproblems to limit the possible solutions. 

•
Finally, many problems can be prevented by preparing the lessons well. Think especially about the solutions  which students could give and how they relate to the scientifically accepted solutions.
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Table 1: A design heuristic for developing knowledge about biological systems

	1. Determine the function of the system as a whole.

2. Reformulate this function as a design problem.

3. Devise one or more solutions to this problem.

4. Consider possible disadvantages of the solutions.

5. Identify the solution with the fewest disadvantages.

6.   Go back to step three.


Table 2:  Some steps in redesigning an immune system with the design heuristic by a student teacher 

	System:     Immune system

Function:   Destroys invading Bacteria

	Design Problem
	Solution
	Disadvantage

	1. How can invading bacteria

be rendered harmless?

2. How can a distinction be

made between self (the body's own cells) and non-self (pathogens)?

3. How can a different

 receptor be made for every antigen?


	1. By an 'eating cell' that ingests bacteria (macrophage). 

2a. Recognition of self: the host's own cells carry a label on their surface that can be bound by macrophages (via a receptor); once the macrophage has been bound, the cells will not be ingested.

2b. Recognition of the pathogen; the bacteria carries its own specific label (antigen). If the macrophage's receptor binds to this antigen, the pathogen will be ingested.

3a. A receptor is flexible. It shapes itself on the antigen like plaster takes the form of a mould. 

3b.  Different types of receptors are randomly made. The receptor that fits will be 'selected' (variation-selection mechanism).
	1. It can also ingest its own

body cells and material.

2a.   

- Bacteria can imitate the label.

- If the receptor on the macrophage changes, the cell will fail to recognize self (its own cell and material). This is fatal.

2b. Bacteria all carry different antigens for which corresponding receptors must be made. 

3a. 

- The receptor can  bind to self-material 

- Taking the form of a mould is impossible when the shape of the receptor is partly determined by the genetic code of the receptor protein.

3b.  There must be a genetic code for every type of receptor. 




Table 3: Overview of the main design problems in designing the immune system

Students redesign de the immune system in 6 steps. In the first step they trace the function of the immune system and why it is necessary for this function to be performed. In the next five steps students trace how the immune system works. 
	Step 1: Why do we need an immune system? 

Step 2: How can an invading pathogen be made harmless?

Step 3: How can it be prevented that that a macrophage will destroy material of our own body? 

Step 4: How can a receptor be manufactured for each antigen? 

Step 5: How can the probability of a B-cell with a correct receptor meeting a pathogen be


increased?

Step 6: How can a virus-infected cell be recognized and made harmless?




Table 4  Redesign of the human heart using the design heuristic

	System: Heart

Function: Blood circulation

	Design Problem
	Solution
	Disadvantage

	1. How to circulate blood in the circulatory system? 

2. How to make sure that blood circulates in only one direction?

3. How to prevent mixing?

4. How can the blood pressure be raised? 


	1. Blood vessel contraction.

2. Blood vessel contraction with valves.

3. Divide the blood vessel into two compartments (the heart is divided into right and left parts).

4. Let blood first be sucked into a special compartment (the atrium) and subsequently be injected into another compartment that contracts ( the ventricle). 

(The result is a heart containing two atria and two ventricles)


	1. Blood can flow both ways.

2.Oxygenated blood from the lungs and deoxygenated blood from the rest of the body are mixed together.

3. Blood pressure is limited because the blood vessel must first be full before blood can be pumped through the body.

4. The heart muscle itself is not provided with oxygen 


Table 5

A biology teachers’ traditional lesson plan without using the design heuristic

	Teacher activity
	Pupils’ activities

	Tells students that eyes are meant to see 
	Listen

	Explains the elements of the eye using the movements of light rays 

- eyeball

- pupil (possible function?) 

- lens

- retina (sensorial cells)

- eye nerves to the brains 
	Listen and answer each question 

- arranging the light 

	Gives students the assignment of naming the function of each element in the book


	Complete the assignment


Table  6

Redesign of the eye by the teacher using the design heuristic 

	 System : Human Eye 

Function : Orientation 

	Design problem
	Solution 
	Disadvantage

	How do people observe their environment? 
	With light sensitive cells (sensorial cells)
	You see where the light comes from but you don’t have a view 

	How can observations be improved?
	Light-sensitive cells in a little bowl
	You don’t have a clear view because too much light comes in 

	How can the amount of light that comes in be decreased?
	Reduce the aperture 
	Reducing the amount of light makes you see less 

	How can more light be admitted without blurring the view? 
	With a lens in front 
	Too much light causes blindness; too little light makes it dark 

	How can incoming light be kept stable when the amount of light that comes in from outside varies? 


	Make the aperture variable: for a large amount of light, small; for a small a mount of light, large 
	


Table 7

Lesson plan about the human eye after adapting the problem structure (table 6) to

expected students’ knowledge

	Teacher activity
	Pupils’ activities 

(including assumed responses) 

	What happens when you have your eyes closed?

You have eyes to be able to see and find the way 
	You don’t see anything

	What is the easiest way to find the way? 

How?

Proposes a spot (retina) with sensorial cells that are able to see light 

What is the disadvantage?
	If you know where light comes from 

A spot that is able to observe light

You don’t have a view 

	How can you adapt this system in order to improve your view somewhat? 

Students receive an assignment (right column) 

Teacher asks the question again

So, yes, it is possible to enclose your senses in a small bowl (eyeball)

What is the disadvantage? 


	Students view an object first through a small hole in a piece of paper, then without the paper, and then through the hole again. 

If the senses catch less light, you have a better view 

Still not sharp, because a lens is not available

Too little light comes in, especially when it is dark

	Now we put a lens in front, does it solve the disadvantages? Explain your answers. 

What is a possible disadvantage?
	The lens makes it possible for the hole to be bigger because the light rays go in one direction. That is why you have more light. 

Too much light causes blindness 

	How can you avoid becoming blind? 

Students receive an assignment (right column)


	Watch your neighbour’s eyes. He holds his hands in front of his eyes for a moment and takes them away (what changes do you see?) The pupil decreases. 

You can arrange the light with your pupils. 

	Was this enough? Do we have a sharp view now? 

No, because the brain has some processing to do. This is done by the eye nerves.


	Yes



	Students receive an assignment (right column)


	Describe how the light comes through your eyes, which way it goes, and what happens there. 
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