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Abstract  
Technological paradigms are heuristic models which guide organizations in their learning and 
searching process for solutions of technological problems, as the seminal contribution of 
Giovanni Dosi puts it. In the organizational learning literature, this model of solution is divided in 
exploration paradigms and exploitation paradigms. Although Dosi’s analysis identifies properly 
the exploitation paradigms, it does not happen the same with the exploration paradigms.  This 
article pretends to identify and analyse the heuristic behaviour of two technological paradigms 
(both exploration and exploitation ones), used to solve a specific technological problem: the 
substitution of a diseased intervertebral disk with an artificial prostheses. For this we will study 
carefully the design characteristics of both paradigms; also, a quantitative analysis of a patent 
citation database of this kind of artefacts is performed. 
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1. Introduction 
In his seminal article, Giovanni Dosi (1982) proposed to transfer some of the historicist notions 
of philosophy of science developed by TS Kuhn (1969) to technological evolution. A Kuhnian 
scientific paradigm includes the set of theories that shape the kind of problems to be studied by 
‘normal’ science and, in this context, for Dosi a technological paradigm is a “model and pattern 
of solutions to solve some technological problems, based on certain principles derived from the 
natural sciences and certain materials" (italics in original), where the words in italics relate to 
the particular nature of each paradigm. In addition to this technological adaptation of the 
philosophical concepts of science to technology, Dosi’s early work has had a profound 
influence on evolutionary economics, which deals mainly with technological change. 

The evolutionary perspective suggests that the behaviour of economic agents in contexts of 
change (e.g. technological change), must be based on learning and searching processes and 
on the bounded rationality of the agents (Simon, 1957). Technological paradigms constitute the 
set of heuristic rules that guide these processes of learning in the environment, which in its turn 
will shape the technological trajectories followed by the agents involved in the process of 
innovation. In modern economies, these agents are corporations (Dosi, 1988). 
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The processes of organizational learning and search have been characterized as exploration or 
exploitation heuristics (March, 1991). Exploitation consists of learning through the refinement 
and extension of previously existing knowledge, (Larrue, 2003) while learning through 
exploration occurs through the combination of existing knowledge and new knowledge 
(Abernathy and Clark, 1985). Exploitation includes local searches, close to the technological 
point of departure of the searching agent; exploration implies a process involving 'long jumps' to 
remote areas of the technological space (Hovhannisian, 2004). In the same way, technological 
paradigms can be characterized by these two search heuristics: while exploitation paradigms 
are based on the refinement of existing knowledge and local search, exploration paradigms are 
characterized by the combination of new with existing knowledge, the former originating in 
remote areas of technological space.  

The original work by Dosi identifies exploration paradigms with an organization’s areas of 
expertise and, therefore, with existing knowledge, which exploitation refines (Dosi: 1982: 155). 
However, Dosi situates exploratory paradigms as originating exclusively in the scientific 
advances that act as a deus ex machina. This trend to "exogenization" of exploration may be 
due to the ambiguous nature of the innovation process. Innovation is inherently uncertain in 
nature and impact: were it certain and known about it would not be innovation (Silverberg and 
Verspagen, 2005). However, the emergence of new technologies is far from a purely stochastic 
phenomenon and usually occurs in very specific areas of the technological space, regardless of 
the degree of novelty (Silverberg, 2002). These seemingly paradoxical properties are explained 
partially in terms of the creation of knowledge through exploration, as a phenomenon that 
emerged due to interactions between the organization and others agents in the innovation 
system. Thus, instead of "science" being an abstract black box which produces new knowledge 
in unexplained ways, this perspective enables the study of learning by interaction among the 
players, which may be scientific institutions but also could be users or providers or other 
organizations (Kamp, 2002). In other words, the "new knowledge" that emerges from 
interactions is the essence of organizational learning by exploration, as confirmed by several 
empirical studies devoted to joint ventures (Koza and Lewin, 1998). 

In order to study exploratory paradigms, therefore, it is necessary to focus on the interactions 
among the players in innovation system under review. These relationships are strongly 
sectorally-specific (Malerba, 2002) and can be categorized in the taxonomy devised by Pavitt 
(Pavitt, 1984), which classifies industries into four sectors according to the agents involved: (1) 
supplier dominated; (2) specialized suppliers, (3) scale intensive; and (4) science-based.  

This paper identifies and analyses heuristic paradigms of exploration and exploitation involved 
in the resolution of a particular technological problem: the replacement of an anatomical disc by 
an intervertebral disc prosthesis. Section 2 provides a detailed study of the case of the artificial 
disc, which distinguishes the technological paradigms of exploration and exploitation based on 
existing capabilities and patterns of interaction among agents. In section 3, the analysis of a 
patent database for these devices deepens our understanding of the heuristic rules and 
searching behaviour in both types of paradigms. Section 4 discusses the major findings and 
limitations of our study.  
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2. The identification of paradigms: a case study 

2.1 Introduction 

Arthroplasty of the intervertebral disc (i.e., artificial disc replacement using an implantable 
device) is a surgical procedure used in the treatment of degenerative disc disease (hereafter 
DDD). DDD is the major cause of pain and disability in developed countries (Errico, 2005).  

Intervertebral disc arthroplasty has been postulated as being a more efficient alternative 
treatment for DDD than other surgical procedures, such as vertebral arthrodesis, which has 
been used systematically since the late 1970s to treat DDD (Acosta et al., 2005). Arthrodesis 
involves the fusion of the two vertebrae adjacent to the degenerated disc. Arthrodesis 
eliminates abnormal movement of the damaged disc, thus removing the pain this causes. 
However, fusing two previously articulated vertebrae involves several biomechanical alterations 
in the behaviour of the vertebral column: (i) the movement of the instrumented articulation must 
be incorporated into the discs of the adjacent vertebral articulations; (ii) the loads that were 
absorbed by the now immobilized disc must be absorbed by the discs in the adjacent 
articulations. These kinematic and dynamic alterations following arthrodesis can provoke 
‘adjacent disc degeneration syndrome’: following fusion, excess movement and load, result in 
the appearance of DDD in the discs adjacent to the fused ones, frequently requiring some kind 
of surgical intervention (Denoziere and Ku, 2006). The insertion of an artificial disc is to try to 
avoid these problems associated with vertebral fusion. 

In the history of artificial discs, one fact in particular stands out. As previously stated, an 
artificial disc must fulfil two tasks in order to prevent the DDD syndrome of the segments 
adjacent to the disc that was originally symptomatic: it must not cause any alteration to the 
kinematic or dynamic conditions of the anatomic intervertebral discs in these segments. 
However, as we show in the next section, commercially available discs meet only one of these 
prerequisites: preservation of the kinematic properties of adjacent discs. None of the artificial 
discs that have been produced commercially are able to mimic the dynamic properties of the 
anatomical disc in being able to absorb loads (Oskouian et al., 2004), since they are all 
constituted of articulations between materials (polyethylene, Cr-Co, steel…) with much smaller 
load absorption capacities than the anatomical disc. 

The medical literature has formulated a hypothesis to explain this shortcoming (Szpalski et al., 
2002): designs for vertebral disc articulations were influenced by the enormous efficacy of the 
implants used to replace hip articulations. In the early 1960s Sir John Charnley designed the 
hip prosthesis, which some years later became the standard implant in the treatment of 
degenerative hip disease. Charnley’s hip prosthesis (and succeeding designs) was integrated 
by two spherical articulation elements (‘ball-and-socket’) made of rigid materials. This rigidity 
does not imply a functional shortcoming, since the anatomic articulation of the hip does not 
have the viscoelastic ‘shock absorbing’ properties of the intervertebral disc.  

Hence, transferring the hip prosthesis principles to disc replacement, as in the artificial discs 
commercialized to date, implies the assumption of an important deficit: if the artificial disc 
cannot absorb loads, the corresponding overloads will be charged on the adjacent discs at the 
instrumented level, which can lead to the degeneration of these discs (McNally, 1996). This 
possibility of adjacent degeneration is the main reason why arthrodesis (vertebral fusion) is 
considered to be a suboptimal procedure in the treatment of DDD. 

However, in the history of artificial disc design we can find a considerable amount of past and 
current technological activity in other directions than the hip-like artificial disc, although without 

“Selected Proceedings from the 12th International Congress on Project Engineering”.
(Zaragoza, July 2008)



Area: Product Engineering 

 

135 
 

the same market success. Szpalski et al. (2002) reviewed currently marketed artificial discs, 
and also several devices tested only in vitro or in animal models, and devices that had been 
clinically tested, but never commercialised. They found that there were many artificial disc 
designs based on the principle of ‘shock absorbing’ biomaterials that actually enabled the 
reproduction of viscoelastic properties of the anatomical disc, but that they were limited to non-
market applications. They concluded that artificial disc designs can be categorised according to 
two principles: shock absorbing ‘dynamic’ designs, or the already described ‘hip like’ devices 
commercialised to date. Other reviewers of artificial discs, such as Lee and Goel (2004), agree 
with this classification. In this paper, we employ the term ‘paradigm’ rather than ‘principle’ to 
refer to the ‘dynamic’ and the ‘hip like’ solutions.  

2.2 The exploitation paradigm. 

In characterizing the paradigms, we referred to local search and refinement and the extension 
of existing knowledge to define the exploitation heuristic process. Here, what seems to be 
important is the prior existence of prior knowledge. So, in trying to identify exploitation in the 
invention of the artificial disc, we need to concentrate on those activities that employ knowledge 
that is already possessed by the innovative agent.  

Again, as already mentioned, many of the artificial discs that have been developed (and all 
those commercialised to date) ‘apply the design principles commonly used in total hip 
arthroplasty’ (Fraser et al., 2004). These hip design principles can be identified with the above 
mentioned local search strategies, because the hip-like paradigm for the artificial disc consists 
basically of recombining the components of hip prostheses and adapting them to spinal 
anatomy (Santos et al., 2004). This reutilization of an early technology for use in other 
applications than the original corresponds to what we characterize as the exploitation paradigm. 
The following paragraphs propose some historical justifications for agents developing implants 
within the hip-like paradigm, to refine the knowledge previously developed in the design of hip 
prostheses.  

Since Sir John Charnley’s development of a hip prosthesis in the 1960s, the orthopaedic 
industry has been marked by developments in total hip replacement to the point that some 
reviewers refer to pre-Charnley and post Charnley eras. Charnley’s discovery also became the 
basis for the subsequent development of prosthetic knees, shoulders and elbows (Fraser et al., 
2004). 

The first disc prosthesis to be marketed in the world (and the only one until 1999) was the SB 
Charité, based on a 1982 design in the form of two metallic platforms encrusted into the 
adjacent vertebrae, which were articulated with a polyethylene body. A German company 
(Waldemar Link), dedicated to the manufacture of hip implants since the late 1960s, was on the 
development team. This is an important part of the story: in the mid 1980s, artificial hip joints 
were already successful and used technological capabilities that were built on the ‘ball-and-
socket’ paradigm established by Sir John Charnley. Waldemar Link brought its technological 
experience in artificial hip manufacture. Following incidents of fractures of the prostheses 
endplates in the non-forged stainless steel, a new Co-Cr cast alloy was developed and began 
to be used, with the SB Charité becoming commercially available in Europe in 1987 (Link, 
2002). 

Ultimately, the paradigm, which we call "hip like", allowed the creation of knowledge (through 
refinement to and extension of existing knowledge) in the invention of a new prostheses for the 
replacement of a different articulation (the disc), using the benefits of tribological knowledge 
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previously developed with great success for synovial joints such as hip and knee 
(Szpalski,2002). Therefore, we can identify this paradigm as the exploitation paradigm.  

2.3 The exploration paradigm 

In our definition of exploration activities in the first section, we indicated the long jump search 
and the recombination of knowledge as properties of the heuristic process. We also discussed 
that the exploration of new knowledge is not random: there are search areas that are more 
likely to be explored. These areas correspond to the location of the innovative agents that are 
part of the knowledge base specific to the sector (Malerba, 2002).   

The medical equipment industry has often been conceptualized as a capital input in the medical 
services sector (Geljins et al., 1996). There is also evidence that medical surgical equipment is 
an area where user innovation is relevant (see, e.g. Kahn, 1991). Therefore, it seems justified 
to classify this sector, according to Pavitt’s (1984) taxonomy, as a typical ‘specialised supplier’ 
sector. In such sectors, innovative activities relate mainly to product innovations, which enter 
other sectors as capital inputs; firms within this classification operate in close contact with 
users. Specifically related to medical surgical equipment, recent empirical studies have proved 
that surgeons are the source of radical new paradigms and influential innovations (Lettl et al., 
2006). For medical technology, the users are the professionals: they use the medical 
technology in their lives, and can apply their ‘professional’ knowledge to develop innovative 
solutions. The physical properties of the spine can be regarded as the ‘basic science’ of 
orthopaedic spinal surgery, as they are the professional knowledge indispensable to 
interpreting, analysing and, if necessary, correcting abnormal human anatomy and physiology 
(White y Panjabi, 1978). The ‘shock absorbing’ properties of the spinal anatomical disc have 
been known about since 1954, when Hirsch and Nachemson (1954) published the results of 
compression tests. Nachemson (1962) was the first person to propose replacement of 
interverbral discs, and reported trials using silicon (a material with shock absorbing properties) 
prostheses.  

Basalla (1989) has shown that the origin of some invention is the imitation of natural objects (or, 
as the author called "naturfact”). In the case of the disc prosthesis, this mimetic force is even 
more powerful, since the device is functionally designed to replace a "naturfact": an organ of 
the human body. This imitative mechanism can be seen clearly in the Nachemson’s journey 
from the original description of the dynamic properties of the intervertebral disc in 1954 until the 
first test of an artificial prosthesis in 1962. This biomechanical knowledge possessed by 
advanced users as surgeons is the remote area of technological space where the explorative 
interaction takes place. 

 

3. The heuristic properties of paradigms: analysis of patent citations 

3.1 Design of research, data and analysis. 

Section 2 identified and discussed the paradigms of exploration and exploitation in the invention 
of the artificial disc; in this section we apply quantitative methods to study the heuristic 
properties of these paradigms. To do this, we use the results from an analysis of patent 
citations. Our database consists of 303 patents for artificial discs recorded between 1972 and 
2004, derived from a keyword search of US Patent and Trademark Office (USPTO) and the 
European Patent Office (EPO) patents. After a review of the technical information with the help 
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of two experts (a spine surgeon and an engineer involved in designing artificial discs) we 
classified the patents into hip-like or dynamic paradigm. Thus, we include “richer information 
than the categories [listed by the International System of Patent Classification (IPC)] allow” 
(Fleming and Sorenson: 1026).   

In addition to a detailed description of the patented device or process, patents include citations 
to one or more patents. These citations are mainly a legal instrument. They are an indication of 
the knowledge described as patentable, and that part of the knowledge claimed by a previous 
patent(s). Also, as proposed by several authors (see Jaffe and Trajtenberg, 2002, for a review) 
citation to earlier patents indicates that the knowledge developed in the cited patents was used 
to build the knowledge contained in the citing patent.   

This information is useful in studying the heuristic properties of paradigms. If the inclusion of a 
citation to an earlier patent means a "construction" of knowledge, we can assume that these 
patents are in the proximity of multidimensional technology space (Silverberg and Verspagen, 
2005) of the citing patent. Indeed, for the creation of new technological knowledge it is 
necessary for closely related knowledge in the same technological space to be already 
“discovered” (Silverberg, 2002). We can identify this neighbouring knowledge through patent 
citations.   

In Section 1 we referred to some of the limitations of exploratory paradigms, and especially that 
searches in remote areas of the technological space are more uncertain than in the case of 
exploitation, where searches are conducted in areas adjacent to the technological space in 
which the agent is innovating. This uncertainty is reflected by the larger number of citations to 
patents in exploitation areas. Therefore, we can hypothesize that:   

Hypothesis 1: Patents belonging to the exploitation paradigm are more frequently cited than 
patents in the exploration paradigm.   

On the other hand, contiguity of the technological space can acquire different meanings 
depending on the dimensions of the technological space studied. Citations in patents are 
included by the inventors but can also be added by the patent examiner. Jaffe et al. (2002), 
based on interviews with inventors and patent examiners, find that patent citations refer to two 
types of prior knowledge: application-related and technology-related. If patent X cites patent Y, 
this might mean that patent X represents an alternative way of doing something that has 
already been discovered (e.g., patent X is for a mousetrap incorporating a titanium spring which 
improves the performance of the patent Y trap which uses zirconium). Alternatively, it could be 
that patent X uses a similar technology to patent Y, but for a different application (patent X 
relates to a mouse trap incorporating a titanium spring and patent Y is for a pen incorporating a 
titanium spring). We consider the first case "application-related" and the second case 
"technology-related."   

According to this classification, citations between exploitation and exploration paradigms are 
application related, since, as discussed in Section 2.1, both technologies are unique: if a device 
is driven by the operational principle of one of the paradigms (kinematics of rigid bodies or the 
viscoelastic behaviour of materials) it cannot relate to the other, so that citations across 
paradigms can never be technology-related. This is the "incommensurability" of technological 
paradigms referred to by Dew (2006), translating Kuhn’s concept of incommensurable scientific 
paradigms. Assuming that this aspect of technological space (application-related) is the same 
for both paradigms, there is no reason, in principle, why the numbers of application-related 
citations to be different (exploratory to exploitation, and vice versa). Thus, we can hypothesize 
that.  

“Selected Proceedings from the 12th International Congress on Project Engineering”.
(Zaragoza, July 2008)



Area: Product Engineering 

 

138 
 

Hypothesis 2: The number of cross-citations between paradigms will be the same regardless of 
whether the citation is from the exploratory to the exploitation paradigm or vice versa.  

This distinction between citations is the basis for our third and fourth hypotheses. According to 
the theoretical framework described in Section 1, exploitation paradigms refine existing 
knowledge. Therefore, in the exploitation paradigm, all other citations will be intra-paradigmatic, 
i.e. will be to patents within the same paradigm.  

In the case of the exploratory paradigm, citations to existing knowledge can be application-
related and intra-paradigmatic citations. However, the element of new knowledge that 
characterizes the exploratory heuristics is not included in these categories. Citations to new 
knowledge will refer to extra-paradigmatic patents not related to artificial discs, as the 
technology-related search will have extended to farther areas of the technology space. 
Hypotheses 3 and 4 reflect this proposition.   

Hypothesis 3. Patents cited in the paradigm of exploitation (in addition to patents related to the 
application) belong to the same paradigm.  

Hypothesis 4. Patent citations in the exploratory paradigm include (in addition to patents related 
to the application) patents for technologies unrelated to either paradigm. 

 

3.2 Resultados 

Table 1 shows the results of our analysis: 
 

Tabla 1: Descriptive statistics of the patent database. 

 

Hypothesis 3 is not confirmed by these results; hypothesis 3 suggests that the exploitation 
paradigm does not make extra-paradigmatic citations, based on the idea that the exploitation 
heuristic refines the existing knowledge, and that therefore intra-paradigmatic and application-
related patents will be cited. However, 38.51% of our patent citations refer to extra-
paradigmatic patents not describing artificial discs. The deductive argument related to 
Hypothesis 4 is similar, therefore this hypothesis is also rejected.  

 Number Citation 
number Media

Cites to 
explotaition 

patents 

Cites to 
exploration 

patents 

Cites to 

extra-
paradigmatic 

patents 

Exploitation 
patents 161 457 2,83 227 (49,67%) 54 (11,82%) 176 (38,51%) 

Exploration 
patents 150 336 2,24 34 (10,12%) 130 (38,69%) 172 (51,19%) 
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4. Discussion and limitations 
This paper identifies the exploration and exploitation paradigms used to solve a technological 
problem (replacement of an anatomical disc by an artificial prosthesis) and analyse the heuristic 
searches of both paradigms. The aim was to deepen our understanding of Dosi’s technological 
paradigms, through the concepts of organizational learning and behavioural theory of 
organizations, at the sectoral level. 

However, our statistical analysis contradicts our hypothesis that the exploration paradigm only 
refines knowledge. Since the existence of the two paradigms described in our case study has 
been confirmed by other historians writing about the development of the artificial disc (Szpalski 
et al., 2002; Lee and Goel, 2004), the problem must lie in our second theoretical assumption 
related to the type of knowledge that can be identified with an agent in the innovation system. 
The concept of learning by interaction in the innovation system helps to resolve these 
problems: the type of agent with knowledge can be indicative of the type of heuristics that we 
can assign to a paradigm (exploratory and exploitative), but only based on a historical analysis 
to determine the type of agent that originally possessed the knowledge, since the same 
interactions between the players leads to the knowledge being distributed throughout the 
innovation system, which explains the failure of Hypothesis 3 and 4. This type of historical 
analysis is well suited to the case study described in Section 2, but it invalidates our analysis of 
patent citations in Section 3. Although this type of research is used in the study of patent 
databases (a recent example is Lettl et al., 2006), the statistical refutation of some of our 
hypotheses proves that a dynamic framework is best suited to studying the essential historicity 
of evolutionary analysis (Nelson and Winter, 1982).  
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