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Abstract
Innovation failure knowledge sharing plays an important role in reducing the prob-
ability of repeated failure of subsequent innovation and improving innovation ability 
of virtual research organization. However, it is very difficult for members to actively 
share the innovation failure knowledge without incentives. To promote the shar-
ing behavior of innovation failure knowledge in virtual research organization, by 
using game theory, considering the risk aversion degree of members and the nega-
tive effect of fault-tolerance environment, the incentive model of innovation failure 
knowledge sharing of virtual research organization was constructed, the incentive 
relationship of innovation failure knowledge sharing between organization and its 
members under the influence of different states was analyzed, and the theoretical 
model was simulated and verified through a case study from China. Results show 
that: (1) without considering the negative effect of fault-tolerant environment, the 
optimal incentive coefficient of innovation failure knowledge sharing is positively 
related to the shareable rate and the transformation ability of innovation failure 
knowledge of members, and negatively related to the sharing cost and risk aver-
sion degree of members; (2) considering the negative effect of fault-tolerant envi-
ronment, virtual research organization should make a corresponding modification 
of sharing incentive intensity according to the estimation of tolerance degree to 
fault-tolerant environment by itself and its members, so as to reduce the knowledge 
input of organization. The findings obtained from this study provide a novel idea 
and method for the design of incentive mechanism of innovation failure knowledge 
sharing of virtual research organization.

Keywords Virtual research organization · Innovation failure knowledge · Knowledge 
sharing · Incentive mechanism · Fault-tolerant environment · Game theory

 * Pengju Wang 
 wangpengju1986@zut.edu.cn

Extended author information available on the last page of the article

http://orcid.org/0000-0002-1691-0530
http://crossmark.crossref.org/dialog/?doi=10.1007/s10588-020-09323-8&domain=pdf


194 Z. Xiong et al.

1 3

1 Introduction

In the era of knowledge economy, innovation agents can effectively improve 
their innovation ability through knowledge sharing in the process of innovation 
(Prester and Jurić 2019). However, the process of knowledge sharing is affected 
by many factors such as knowledge-sharing agent, knowledge-sharing environ-
ment and knowledge-sharing medium (Ghobadi 2015; Weller 2017; Safari et al. 
2018), which makes knowledge sharing become one of the problems faced by 
knowledge management of innovative organizations (Liu et al. 2020). Especially 
in the increasingly fierce and complex competitive environment, more and more 
innovation agents strengthen their agility of market opportunity response, core 
competence of enterprises and speed of collaborative innovation through the 
organizational form of alliance network (Dickson and Weaver 2011; Standing 
and Standing 2018), which further increases the difficulty of knowledge sharing 
among innovation agents. Meanwhile, virtual research organization, represented 
by virtual laboratory, virtual community and virtual research teams, has become 
an important organizational form for innovation agents to form R&D network alli-
ances in the information age. Some successful cases, such as CSBI (Computing 
Systems Biology Initiative) in Massachusetts Institute of Technology, and nano-
HUB project of Purdue University, have proved the advantages of virtual research 
organizations (Chen et al. 2019). However, the characteristics of uncertainty, dis-
persion and complexity of knowledge make virtual research organizations have 
difficulties in knowledge sharing. The successful diffusion of virtual research 
mode largely benefits from the efficient knowledge sharing among internal mem-
bers (Dawes et al. 2012). Therefore, there is still a widespread concern that how 
to improve the efficiency of knowledge sharing in virtual research organization 
and promote knowledge-sharing behavior among members.

Virtual research organization is a cooperative R&D organization established 
by multiple independent R&D agents centering on the common goal, using highly 
developed modern information, communication and transportation technology, 
breaking the time and regional restrictions, and realizing the complementarity 
and sharing of resources such as equipment, capital, technology and talents under 
the network innovation paradigm characterized by the integration of technologi-
cal resources and organizations (Dai and Hu 2011). Theory and practice found 
that through the integration and sharing of knowledge resources among mem-
ber enterprises, virtual research organization improved the efficiency of R&D 
resources utilization and knowledge value efficiency (Davenport and Daellenbach 
2011), became the endogenous factor of its innovation ability improvement, and 
was the foundation of continuous innovation of virtual research organization (Del 
Baldo and Baldarelli 2017). However, due to an anti-failure bias (McGrath 1999), 
innovation failure has not attracted widespread attention in traditional innovation 
research and practice. In particular, knowledge resources contained in innova-
tion failure have not become the focus of knowledge sharing in virtual research 
organization. In the process of innovation, failure events are inevitable and objec-
tive. By analyzing and identifying failure events, learning from failure experience 
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can acquire more knowledge than learning from success experience (Desai 2015). 
It can be seen that failure knowledge is an important resource in organizational 
learning, which can help enterprises reduce the probability of repeated failure and 
further improve enterprise performance (Shepherd 2003). Therefore, within the 
virtual research organization, the sharing of innovation failure knowledge among 
members plays an important role in improving the collaborative innovation abil-
ity of the organization.

However, innovation failure knowledge is the learning and transformation of 
members’ previous experience of innovation failure, the differences in learning abil-
ity and knowledge transformation ability of members may lead to the difficulty in 
expressing the innovation failure knowledge and the high cost of transformation and 
sharing (Wang 2017). In addition, under the influence of anti-failure bias, the shar-
ing of innovation failure knowledge among organizational members may also cause 
organizations and other members to question their innovation ability to achieve suc-
cess. Especially in the virtual research organizations, due to there is no strong rela-
tionship between members, the problem that questioning members’ ability caused by 
failure bias may be more prominent, which not only affects the collaborative innova-
tion relationship between members, but also makes knowledge sharers be received 
different treatment in organization status and resource allocation (Xiong et al. 2020).

Therefore, different from the intensive knowledge management of traditional 
research organizations, the negative effects of innovation failure become a potential 
constraint to the knowledge sharing of virtual research organizations. In the absence 
of effective incentive mechanism, the sharing of innovation failure knowledge is dif-
ficult to form spontaneously within the organization. How to encourage the shar-
ing willingness of the members of virtual research organization becomes the key to 
solve the challenges in the sharing of innovation failure knowledge.

The remaining structure of this paper is as follows: Sect.  2 reviews the litera-
tures on virtual research organization, innovation failure knowledge and knowl-
edge sharing incentive. Section 3 constructs an incentive model based on the game 
relationship between virtual research organization and members, and describes the 
theoretical model. Section 4 analyzes and discusses the change of the optimal incen-
tive coefficient of innovation failure knowledge sharing with the influence of the 
negative effect of fault-tolerance environment, and carries out the model simulation 
according to the calculation results of the model. Section 5 draws the conclusions 
obtained from this study.

2  Literature review

Compared with the traditional technology and product development model, virtual 
research organization has significant advantages in promoting organizational learn-
ing among members, improving innovation ability and reducing R&D cost (Adler 
and Zirger 1998). As soon as the concept of virtual and networked organization is 
put forward, it is widely used in innovation practice, and the cooperative innova-
tion effect of virtual research organization is also concerned. Due to the traditional 
supervision and control are costly, even ineffective (Liu et  al. 2017). In practice, 
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more and more innovation agents realize that the trust relationship among mem-
bers is the most important condition for the success of virtual research organization 
(Albers et al. 2016; Raghuram et al. 2019). Therefore, in the operation and manage-
ment of virtual research organization, the corresponding trust mechanism, coordina-
tion mechanism, incentive mechanism, distribution mechanism and decision-mak-
ing mechanism need to be established to ensure the successful operation of virtual 
research organization (Luo et al. 2010). Moreover, due to the learning effect in the 
process of knowledge sharing, virtual research organization can effectively self-
motivate under certain conditions.

Theorists and practitioners are also increasingly aware of the important resources 
contained in innovation failure events in innovation practice. The innovation organi-
zation can reduce the probability of similar failure in the future and improve the 
organization’s innovation performance by exploring and learning the failure expe-
rience and adjusting the way of behavior in subsequent innovation. Carmeli and 
Dothan (2017) found that moderate failure can stimulate enterprises to find solutions 
to problems. According to the findings of Deichmann and Ende (2013) and Yu and 
Pu (2018), learning from failure can transfer knowledge and generate new knowl-
edge, which has a positive effect on innovation performance. It is not hard to see that 
failure knowledge refers to some potential knowledge and skills to improve organi-
zational performance acquired by innovative organizations in the exploration and 
learning from failure experience. It is learned from three parts: failure identification, 
failure analysis and failure handling (Cannon and Edmondson 2001). Amankwah 
Amoah et al. (2018) believed that the accumulation of failure resources by innova-
tion organizations can improve and enrich the skills and knowledge extremely useful 
for subsequent innovation activities. Kim and Miner (2007) found that in order to 
adapt to the changes and innovation of the external environment. Failure knowledge 
plays an important role. In innovation studies, most scholars prefer to learn from 
successful enterprises, thus neglecting the learning and knowledge transformation of 
failure experience (Chen et al. 2017). But when enterprises absorb new knowledge 
and expect future outcomes, Lin et al. (2019) believed that learning from failure is 
as important and effective as learning from success. Failure learning is of great help 
to the improvement of organizational innovation capability (Assaad and El-Adaway 
2020) and coping with organizational crisis (Rhaiem and Amara 2019), and through 
the analysis of failure experience, enterprises can launch more innovative new prod-
ucts (Danneels and Vestal 2020). Especially with the increasing intensity of market 
competition, it is difficult for enterprises to maintain their own sustainable competi-
tive advantage by independently carrying out innovation activities (Al-Haddad and 
Whittington 2019). By using dynamic organizational forms such as virtual research 
organization and supply chain alliance, resource sharing among innovative enter-
prises can be realized, and then knowledge collaborative innovation of enterprises 
can be promoted (Connell et  al. 2014). Through failure knowledge sharing, the 
continuous innovation ability of innovative enterprises can be improved, and the 
probability of innovation success can be provided (Wang 2017; Xiong et al. 2016). 
Compared with the knowledge innovation of a single enterprise, knowledge innova-
tion between enterprises connected in the form of dynamic organization can provide 
more and more valuable knowledge resources.
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However, due to the non-coding and complexity of knowledge and many inherent 
obstacles in the process of knowledge sharing (Razmerita et al. 2016; Almeida et al. 
2018), the phenomenon of active knowledge sharing by member enterprises with-
out incentives seldom occurs. In addition, knowledge itself is difficult to measure its 
external characteristics (Ma and Chan 2014), which makes it difficult to accurately 
monitor the level of knowledge sharing efforts. Member enterprises are prone to free 
riding in knowledge sharing activities, which affect the overall operational efficiency 
of the organization and undermine the coordination of the organization (Yu 2018). 
Therefore, how to design incentive mechanism to promote knowledge sharing of 
member enterprises under the condition of asymmetric information has attracted 
attention. Incentive can effectively increase team knowledge sharing behavior 
(Siemsen et al. 2007). There are also differences in the promotion effect of differ-
ent incentive methods on knowledge sharing. Compared with the technical support, 
the effect of material incentive is more obvious (Zhang and Zhang 2014), especially 
the compensation incentive can promote knowledge sharing (Choi et  al. 2008). 
Moreover, the effect of incentive methods is often affected by many factors. Xie and 
Liu (2014) constructed and tested the theoretical framework of knowledge sharing 
incentive mechanism based on multi theory and multi factor perspective by integrat-
ing economic, social and psychological theories. Nan (2008) classified knowledge 
according to its intangibility, and constructed an incentive model for sharing differ-
ent types of knowledge under the condition of asymmetric information. The struc-
ture change of reward system has a significant impact on tacit knowledge sharing 
behavior. When the reward intensity or sharing cost reaches some critical value, tacit 
knowledge sharing behavior will be substantially improved (Jiang and Xu 2020).

Furthermore, studies have found that the differences of individual characteristics 
of knowledge sharing agents are the factors that cannot be ignored. Wang and Shao 
(2012) considered the complementarity of knowledge, and designed incentive con-
tracts of agent risk neutral and risk averse under the framework of principal–agent 
theory. Liu et al. (2015) proposed a knowledge sharing incentive model of e-com-
merce service supply chain from the perspective of knowledge complementarity and 
knowledge integration ability. Friedrich et al. (2020) designed a feasible incentive 
approach of employee knowledge sharing behavior in knowledge management sys-
tems by using game mechanism from aspects of human motivation and the indi-
vidual willingness to knowledge sharing.

Through the review of the above literatures, it can be found that the failure 
knowledge management has attracted attention, and the incentive mechanism of 
knowledge sharing among members in different forms of alliance organization has 
been discussed. However, there are still some deficiencies in previous studies of how 
to share and encourage the failure knowledge, mainly in the following aspects: (1) 
compared with the particularity of general knowledge resources, the sharing pro-
cess of failure knowledge is more difficult and complex. In addition to the influence 
of common factors such as knowledge stock, absorptive capacity and trust relation-
ship between the sharing parties, the cognitive attitude of organizational members 
to innovation failure events is an important factor affecting the sharing of failure 
knowledge. But most of the existing studies focus on how to identify and analyze 
the failure knowledge from the failure experience (Edmondson 2011), and less on 
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how to share it. (2) Although some studies have found that failure knowledge shar-
ing has a significant positive effect on improving the organization’s ability of con-
tinuous innovation and the probability of innovation success (Zhang 2019), ignoring 
the impacts of fault-tolerant environment on the willingness of knowledge sharing 
among members, and the incentive mechanism of failure knowledge sharing needs 
to be further explored. (3) The design of knowledge sharing incentive mechanism 
based on principal–agent theory ignores the negative effect of fault-tolerant environ-
ment, but in the virtual research organization with relatively loose organizational 
structure, the problem of negative effect may be more prominent, and the incentive 
mechanism of innovation failure knowledge sharing may have its own uniqueness.

Therefore, to fill in the shortcomings of the above studies, the incentive model 
of innovation failure knowledge sharing of virtual research organization was con-
structed in this study, and the incentive mechanism forms under the situation of neg-
ative utility influence and no influence of fault-tolerant environment were compared, 
so as to provide reference for the design of incentive mechanism of innovation fail-
ure knowledge sharing of virtual research organization.

3  Modelling

Learning and sharing innovation failure knowledge can effectively improve the 
innovation ability of virtual research organization. The quantity and quality of 
innovation failure knowledge sharing depend on each member’s ability of knowl-
edge transformation, the willingness of knowledge sharing, and the incentive 
intensity of virtual research organization. Thus, a game relationship about inno-
vation failure knowledge sharing is formed between virtual research organization 
and its members. According to the existing findings (Wang and Shao 2012; Liu 
et al. 2015; Wang 2017) and expectancy theory of motivation (Lloyd and Merten 
2018), further, it is assumed that a member of virtual research organization has 
innovation failure. Its knowledge transformation ability of innovation failure is 
x, the effort level of innovation failure knowledge sharing is Δe , the cost of inno-
vation failure knowledge sharing is C(Δe) , and the benefit of innovation failure 
knowledge sharing among members to virtual research organization is R(Δe, x) . 
To encourage members to share the innovation failure knowledge, virtual research 
organization will reward the members of innovation failure knowledge sharing 
by incentive fee S. At this time, the game strategies of innovation failure knowl-
edge sharing between virtual research organization and its members are: virtual 

Table 1  The income matrix of 
the game parties under different 
strategies

Source: Created by the authors

Virtual research 
organization

Organization member

Sharing No sharing

Incentive R(Δe, x) − S , S − C(Δe) −S , S
No incentive R(Δe, x) , −C(Δe) 0, 0



199

1 3

How to encourage innovation failure knowledge sharing in virtual…

research organization = {incentive, no incentive}, organization member = {shar-
ing, no sharing}. It can be seen that the income matrix of the game parties under 
different strategies is shown in Table 1.

From the results in Table 1, it can be seen that the optimal strategy of virtual 
research organization is not to encourage the failure knowledge sharing behavior 
of its members, while the optimal strategy of its members is not to share the fail-
ure knowledge. The implementation of the above-mentioned game strategies often 
leads to the problem of adverse selection between virtual research organization 
and its members, weakens the communication and information sharing among 
members, to a certain extent, affects the flow of failure knowledge among mem-
bers, and reduces the overall innovation output and innovation ability improve-
ment of virtual research organization. Therefore, virtual research organization 
needs effective incentive mechanism to promote the failure knowledge sharing 
among organization members. Through learning of innovation failure knowledge 
by organization members, the innovation ability of virtual research organization 
can be improved and the probability of innovation failure can be reduced.

Further, when a member of virtual research organization has a certain amount 
of innovation failure knowledge, but because the innovation failure knowledge 
is the transformation of previous failure experience, there is a certain degree of 
private ownership of innovation failure knowledge for members, and organization 
members do not share all innovation failure knowledge, q ( 0 ≤ q ≤ 1 ) is the share-
able rate of innovation failure knowledge of organization members. The higher 
the shareable rate q is, the more innovation failure knowledge that organization 
member can share, the easier it is to share. Innovation failure knowledge stock 
K(x) owned by organization members is a function of their own innovation failure 
knowledge transformation ability x. According to the expression of Cobb–Doug-
las production function (Chang and Ahn 2005), the growth mode of innovation 
failure knowledge stock of members is as follows:

where K is the innovation failure knowledge stock of members. M is the loss of inno-
vation failure of members. a is the output elasticity coefficient of innovation failure 
knowledge.

In addition, it is assumed that b ( 0 ≤ b ≤ 1 ) is the sharing cost coefficient of 
innovation failure knowledge of members. S(R) is the optimal incentive contract 
that virtual research organization gives to its members, and R is the benefit that 
failure knowledge sharing brings to virtual research organization.

Specifically: (1) the income function R(Δe, x) of failure knowledge sharing is 
a linear function of the sharing effort Δe and the transformation ability of failure 
knowledge x, namely:

where � is an exogenous random variable, and � ∼ N(�, �2).
(2) The sharing cost function of innovation failure knowledge of members is as 

follows:

(1)K = xMa

(2)R(Δe, x, �) = q(xMa)Δe + �



200 Z. Xiong et al.

1 3

(3) Refer to the findings of Wu and Zhang (2016), it is assumed that the opti-
mal incentive contract of virtual research organization includes two parts: one 
is the basic income of members; the other is the incentive income of members, 
which is related to the sharing income of innovation failure knowledge of virtual 
research organization. � is the sharing incentive coefficient of innovation failure 
knowledge. Therefore, the optimal incentive contract S(R) given to members by 
virtual research organization can be expressed as:

In addition, according to the findings of Xiong et  al. (2020) and Hao et  al. 
(2019), the previous failure experience of innovation agents often has a negative 
impact on their subsequent innovation decisions, which makes innovation fail-
ure agents excessively enlarge the risk perception of re-innovation. Therefore, in 
the context of innovation failure knowledge sharing among members of virtual 
research organization, it is further assumed that members are risk averse, and its 
utility function is expressed as follows:

where � is the absolute risk aversion coefficient, WA represents the expected income 
of members. At the same time, the risk cost of members is �var(s)∕2 = ��2�2∕2 , 
which indicates that members are willing to pay ��2�2∕2 in return for the deter-
ministic utility. Assuming that the virtual research organization is risk neutral, its 
expected utility is equal to the expected income. At this time, the expected income 
and expected utility of virtual research organization are as follows:

The expected income and expected utility of members are as follows:

From the perspective of virtual research organization, it hopes that more mem-
bers can share the innovation failure knowledge, so as to improve the innovation 
ability of the organization and reduce the probability of innovation failure, and 
yet the members will pay more attention to the maximization of their own utility. 
Therefore, when considering the conditions of participation constraint (PC) and 
incentive constraint (IC), the incentive model of innovation failure knowledge 
sharing is as follows:

(3)C(Δe) = bΔe2∕2

(4)S(R) = � + �R(Δe, x, �)

(5)U(WA) = −e−�WA

(6)Wvro = R(Δe, x, �) − S(R) = −� + (1 − �)(qxMaΔe + �)

(7)U(Wvro) = −� + (1 − �)(qxMaΔe + �)

(8)WA = S(R) − C(Δe) = � + �(qxMaΔe + �) − bΔe2∕2

(9)U(WA) = � + �(qxMaΔe + �) − bΔe2∕2 − ��2�2∕2
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In virtual research organization, information asymmetry is often found between 
the organization and members. Under the condition of incomplete information, it 
is difficult for virtual research organization to accurately observe the sharing efforts 
of innovation failure knowledge of members, but it can measure the transformation 
ability of innovation failure knowledge by judging the innovation ability of mem-
bers, and it can also observe the output income of innovation failure knowledge 
sharing. The output income is determined by the sharing efforts of innovation failure 
knowledge of members and exogenous random variables.

Therefore, when the model parameters x, � and � are determined, the incentive 
constraint (IC) of innovation failure knowledge sharing can be expressed as:

The first derivative of parameter Δe is obtained from formula (12), which is 
equivalent to the maximization of the deterministic income of innovation failure 
knowledge sharing of members.

On above basis, the conditions of participation constraint (PC) and incentive con-
straint (IC) are introduced into the objective function, and the following results are 
obtained:

In the above objective function, the first derivative of � is calculated, namely:

Obtain:

According to the findings of Zhang et al. (2019), the fault-tolerant environment 
for innovation failure will affect the innovation agents’ correct understanding of pre-
vious innovation failure, and negatively affect their subsequent innovation decisions. 
Therefore, fault-tolerant environment may also be an important exogenous factor 
that affects the innovation failure knowledge sharing of virtual research organiza-
tion. In fact, the tolerance degree of fault-tolerant environment in virtual research 
organization is often difficult to observe, which can only be described by the prior 

(10)max
�,�,x,Δe

U(Wvro) = −� + (1 − �)(qxMaΔe + �)

(11)s.t.

{

(PC) 𝛼 + 𝛽(qxMaΔe + 𝜇) − bΔe2∕2 − 𝜌𝛽2𝜎2∕2 ≥ ū

(IC) Δe∗ ∈ argmax[𝛼 + 𝛽(qxMaΔe + 𝜇) − bΔe2∕2 − 𝜌𝛽2𝜎2∕2]

(12)max
Δe

U(WA) = max
Δe

[� + �(qxMaΔe + �) − bΔe2∕2 − ��2�2∕2]

(13)(IC) Δe = �qxMa∕b

(14)max
�

U(Wvro) = −u − �2q2x2M2a∕2b + �q2x2M2a∕b − ��2�2∕2 + �

(15)�U(Wvro)∕�� = −�q2x2M2a∕b + q2x2M2a∕b − ���2 = 0

(16)�∗ = q2x2M2a∕(b��2 + q2x2M2a)

(17)Δe∗ = q3x3M3a∕(b2��2 + bq2x2M2a)
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probability of subjective attitude of virtual research organization and its members. 
That is to say, when the members are at the same sharing efforts of innovation fail-
ure knowledge, the more tolerant the organization’s internal fault-tolerant environ-
ment is, the more able the members can correctly understand each other’s previous 
innovation failure, actively learn from the failure experience, and will not question 
the innovation ability of the partners and affect each other’s innovation collaboration 
because of the previous innovation failure, so that the innovation failure knowledge 
sharing has a better effect. However, if there is a negative fault-tolerant environment 
in the virtual research organization, it will have a more obvious negative effect on 
the sharing efforts of innovation failure knowledge of members. In the above analy-
sis process, the exogenous random variables including fault-tolerant environment 
are assumed to be observable. It is necessary to consider the impact of fault-tolerant 
environment on the sharing efforts of innovation failure knowledge of members, 
and further assume that the sharing cost function of innovation failure knowledge of 
members is as follows:

where r is the impact degree of fault-tolerant environment in virtual research organi-
zation, and 0 < r < 1 . If r=0 , it is the sharing cost of members under the ideal con-
dition without considering the negative effect of fault-tolerant environment. Fur-
thermore, due to the information asymmetry between organization and members, 
there are also differences between the organization and members in their perception 
of fault-tolerant environment (Wang 2017). Therefore, we assume �vro is the toler-
ance degree of virtual research organization to fault-tolerant environment, and �A 
is the tolerance degree of members to fault-tolerant environment, To some extent, 
�vro and �A reflect the estimation of difficulties that virtual research organization 
and members may encounter in the sharing process of innovation failure knowledge. 
According to findings of Xu and Qiu (1999), the higher the value of �vro and �A 
is, the higher the tolerance degree of organization and its members to fault-tolerant 
environment. At this time, the expected utility of virtual research organization is:

The deterministic equivalent income of members is:

Thus, the incentive constraint can be expressed as:

Furthermore, it can be transformed into the following form:

(18)C = b(Δe − r�)2∕2

(19)U(Wvro) = −� + (1 − �)(qxMaΔe + �vro)

(20)
WA = � + �(qxMaΔe + �A) − b(Δe − r�A)2∕2 − ��2�2∕2

= � + �qxMaΔe + (� + brΔe)�A − bΔe2∕2 − br2�A2∕2 − ��2�2∕2

(21)� + �qxMaΔe + (� + brΔe)�A − bΔe2∕2 − br2�A2∕2 − ��2�2∕2 ≥ WA

(22)(IC) Δe = �qxMa∕b + r�A
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The optimal incentive model of innovation failure knowledge sharing can be 
changed into the following forms:

Take formula (22) into formula (23) and obtain:

Calculating the first derivative of � with respect to formula (25) and obtain:

The optimal incentive coefficient �∗∗ is:

Furthermore, the following result is obtained:

4  Result analysis and discussion

4.1  Without considering the negative effect of fault‑tolerance environment

According to the results of formula (16), the first derivative of the parameters q, b, 
��2 and x is calculated for formula (16) respectively, and the following results are 
obtained:

According to formulas (29) and (32), �∗ is an increasing function of parameters q 
and x. According to the results of formulas (30) and (31), �∗ is a decreasing function 
of parameters b and ��2 . Therefore, it can be concluded as follows:

(23)max
�,�,x,Δe

U(Wvro) = −� + (1 − �)(qxMaΔe + �vro)

(24)

s.t.

{

(PC) � + �qxMaΔe + (� + brΔe)�A − bΔe2∕2 − br2�A2∕2 − ��2�2∕2 ≥ WA

(IC) Δe = �qxMa∕b + r�A

(25)
max
�

U(Wvro) = �(�A − �vro) + �vro + qxMar�A − ��2�2∕2 −WA

−�2q2x2M2a∕2b + �q2x2M2a∕b

(26)(�A − �vro) − ���2 − �q2x2M2a∕b + q2x2M2a∕b = 0

(27)�∗∗ = [b(�A − �vro) + q2x2M2a]∕(b��2 + q2x2M2a)

(28)Δe∗∗ = [q3x3M3a + b(�A − �vro)qxMa]∕(b��2 + q2x2M2a) + r�A

(29)𝜕𝛽∗∕𝜕q = 2qx2M2ab𝜌𝜎2∕(b𝜌𝜎2 + q2x2M2a)2 > 0

(30)𝜕𝛽∗∕𝜕b = −𝜌𝜎2q2x2M2a∕(b𝜌𝜎2 + q2x2M2a)2 < 0

(31)𝜕𝛽∗∕𝜕𝜌𝜎2 = −bq2x2M2a∕(b𝜌𝜎2 + q2x2M2a)2 < 0

(32)𝜕𝛽∗∕𝜕x = 2xq2M2ab𝜌𝜎2∕(b𝜌𝜎2 + q2x2M2a)2 > 0



204 Z. Xiong et al.

1 3

Theorem 1 Without considering the negative effect of fault-tolerant environment, the 
optimal incentive coefficient of virtual research organization for innovation failure 
knowledge sharing will increase with the improvement of the shareable rate of inno-
vation failure knowledge and the transformation ability of innovation failure knowl-
edge of members, and decrease with the increase of sharing cost coefficient of inno-
vation failure knowledge and risk aversion degree of members.

Specifically, when the members of virtual research organization have more share-
able innovation failure knowledge, the organization should give more incentive 
intensity to the members. Innovation failure knowledge is an important source to 
enhance an organization’s innovation ability. Through learning of innovation failure 
knowledge, members can effectively reduce the probability of failure in the inno-
vation process, so as to improve the overall innovation income of virtual research 
organization. The higher knowledge transformation ability of members is, the more 
they can transform their innovation failure experience into the knowledge form that 
can be stored, spread and shared. Optimal incentive coefficient of innovation fail-
ure knowledge sharing is also affected by the sharing cost. The higher the sharing 
cost is, the lower the sharing incentive intensity. This result further validates Wang’s 
(2017) findings that the sharing cost is the main factor affecting the realization of 
failure knowledge sharing among members of the R&D organization. The reason 
is that the high sharing cost of innovation failure knowledge means that virtual 
research organization needs to invest too much incentive investment to realize inno-
vation failure knowledge sharing, but the organization pursues economic benefits, 
and the high sharing cost will further inhibit organization’s incentive. The greater 
the risk aversion degree of organization members, the lower members’ willingness 
to share innovation failure knowledge is. This finding further leads to the lack of 
incentive willingness of organizations, and is a unique manifestation of innovation 
failure knowledge sharing of members in the context of innovation failure. The pos-
sible reasons are: on the one hand, the existence of sharing cost will make members 
pay attention to their own interests. On the other hand, more importantly, members 
choose risk aversion because they are not willing to show their own innovation fail-
ure to the organization and other members, resulting in others’ question their own 
innovation ability, thus affecting their position in the virtual research organization 
and the allocation of R&D resources.

4.2  Considering the negative effect of fault‑tolerance environment

According to the results of formula (27), the first derivatives of parameters �vro and 
�A are calculated for formula (27), and the following results are obtained:

(33)𝜕𝛽∗∗∕𝜕𝜀A = b∕(b𝜌𝜎2 + q2x2M2a) > 0

(34)𝜕𝛽∗∗∕𝜕𝜀vro = −b∕(b𝜌𝜎2 + q2x2M2a) < 0
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It can be seen from formulas (33) and (34) that �∗∗ is an increasing function of 
parameter �A and a decreasing function of parameter �vro . Therefore, it can be 
concluded as follows:

Theorem 2 Considering the negative effect of fault-tolerant environment, the opti-
mal incentive coefficient of virtual research organization for innovation failure 
knowledge sharing of members will decrease with the improvement of the organiza-
tion’s estimation of tolerance degree to fault-tolerant environment. The organization 
thinks that the better the fault-tolerant environment is, the smaller the optimal incen-
tive coefficient is. When the members’ estimation of tolerance degree to fault-toler-
ant environment is increased, the better the fault-tolerant environment is, the higher 
the optimal incentive coefficient is.

Specifically, when the organization’s estimation of tolerance to fault-tolerant 
environment �vro is large, it indicates that the organization believes that there is 
a good fault-tolerant environment within the virtual research organization. Mem-
bers can positively examine the innovation failure results, through the transforma-
tion and sharing of innovation failure knowledge, and then improve the overall 
innovation ability of virtual research organization. The increment of innovation 
income will be considered by the organization as a result of a good fault-tolerant 
environment, not determined by the sharing efforts of innovation failure knowl-
edge of the members themselves. Therefore, the virtual research organization will 
reduce the incentive intensity of innovation failure knowledge sharing. When the 
value of �vro is small, the organization thinks that there is a poor fault-tolerant 
environment in current, the increment of innovation income generated by innova-
tion failure knowledge sharing is more from the sharing efforts of innovation fail-
ure knowledge of members. Therefore, virtual research organization will further 
stimulate members’ willingness to knowledge sharing and improve the sharing 
efforts of knowledge by enhancing the incentive intensity of innovation failure 
knowledge sharing.

When the members’ estimation of tolerance to fault-tolerant environment �A is 
large, it means that members think that there is a good fault-tolerant environment 
for innovation within the virtual research organization. Members’ will not be ques-
tioned by the organization and other members about their innovation ability because 
of innovation failure knowledge transformation and sharing of their own experience 
(Lu et al. 2020), but also get more innovation incomes and sharing rewards from the 
organization due to the innovation failure knowledge sharing. Therefore, members 
will pay more innovation failure knowledge and higher sharing efforts, and organi-
zation will pay more incentives of innovation failure knowledge sharing. When the 
value of �A is small, members may be more worried about the threat of their posi-
tion and R&D resource allocation in virtual research organization due to the innova-
tion failure knowledge sharing, which will reduce their efforts of knowledge sharing, 
and thus reduce the incentive intensity of the organization.

According to the results of formulas (16) and (27), ignoring the negative effect 
of fault-tolerant environment, the optimal incentive coefficient of innovation 
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failure knowledge sharing is �∗ = q2x2M2a∕(b��2 + q2x2M2a) . Considering the 
negative effect of fault-tolerance environment, the optimal incentive coefficient is 
�∗∗ = [b(�A − �vro) + q2x2M2a]∕(b��2 + q2x2M2a) . The difference lies in whether 
virtual research organization’s and its members’ estimation of tolerance to fault-
tolerant environment is equally. When �A ≠ �vro , because of the difference about 
estimation of tolerance to fault-tolerant environment between organization and 
members, it is necessary to readjust the incentive intensity to further promote the 
innovation failure knowledge sharing among members in virtual research organi-
zation. According to the findings of Theorem 2, the optimal incentive coefficient 
is negatively related to organization’s estimation of tolerance to fault-tolerant 
environment, and positively related to members’ estimation of tolerance to fault-
tolerant environment. This is a novel finding of this study, specifically, when �vro 
is determined, the better members’ estimation of tolerance to fault-tolerant envi-
ronment, and the larger �A is, the more incentive intensity of innovation failure 
knowledge sharing should be increased, and more innovation failure experiences 
of members should be transformed and shared. On the contrary, the smaller �A 
is, members think that there is a certain risk in the sharing process of innova-
tion failure knowledge, and they are not willing to share more innovation fail-
ure knowledge. At this time, the organization’s incentive means have no obvious 
influence on the member’s knowledge sharing effort, so the organization should 
reduce the incentive.

4.3  Case study

To more intuitively reflect the difference of the optimal incentive level of virtual 
research organization and the sharing efforts of innovation failure knowledge of 
members, taking Collaborative Innovation Center of Textile and Garment Industry 
(CICTGI) in Henan of China as a case study, the results of the theoretical model are 
simulated and verified.

CICTGI was founded in October 2012, gathering a group of top talents in the 
textile and garment industry, forming a high-level collaborative innovation team, 
which is committed to the research and development of functional fiber materials, 
the design and manufacturing of high-end textile equipment, and the research and 
development of key technologies in the processing of high-end fabrics, clothing and 
industrial textiles. Members of the collaborative innovation center include 16 uni-
versities and enterprises, including Zhongyuan University of Technology, Hi-Tech 
Heavy Industry Co., Ltd., Xinxiang Bailu Investment Group Co., Ltd., Jiangnan Uni-
versity, Manchester University, YERAD Clothing, Shanghai Haochang Mechanical 
Electrical Equipment Co., Ltd., Shandong Ruyi Technology Group Co., Ltd., etc. It 
can be seen that CICTGI has formed a R&D network without geographical bound-
ary, which has typical characteristics of virtual research organization. In addition, in 
order to create an innovation atmosphere that encourages innovation and tolerates 
failures, the collaborative innovation center has reformed relevant management reg-
ulations in recent years, expecting to give more understanding and toleration to the 
failures that may occur in the normal innovation process, and to change the negative 
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effect of the original fault-tolerant environment that only depends on the results and 
does not care about the process, and only on the success or failure.

To obtain the relevant information about innovation failure knowledge sharing of 
the case study, 16 members of CICTGI were investigated by means of online ques-
tionnaire survey and telephone interview from August to September 2019. The main 
content includes the sharing willingness, cost, stock, shareable rate of innovation 
failure knowledge and risk tendency of members. The mean value of the acquired 
data was processed. Furthermore, combined with the parameter attributes of the 
theoretical model, some survey data were transformed. According to the actual 
situation of the case study, the initial values of the model parameters were set as: 
b = 0.4. q = 0.6, xMa = 1, ��2 = 1. Taking the initial value of the above parameters 
into formula (27), the optimal incentive coefficient � of virtual research organization 
is obtained, that is:

Using Matlab R2015b software to simulate the data, the change of the optimal 
incentive coefficient � of virtual research organization is obtained under the two sit-
uations of whether the impact of fault-tolerant environment is considered or not.

It can be seen from Fig.  1 that when considering the negative effect of fault-
tolerant environment, the incentive level of innovation failure knowledge sharing 
decreases with the increase of the organization’s estimation of tolerance degree 
to fault-tolerant environment, and increases with the increase of members’ esti-
mation of tolerance degree, which is also verified in case study. For example, the 

(35)�∗∗ = 0.526 × (�A − �vro) + 0.474

Fig. 1  The change of the optimal incentive coefficient of virtual research organization
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implementation of the project “Complete Set of Technology and Equipment for the 
Preparation of Superfine Spandex” is not smooth enough. R&D discontinuation 
caused by failure of experiment often occurs, but in a relatively loose innovation 
atmosphere, the members pay more attention to the investigation of failure causes, 
but seldom publicize that a member will be punished for failure. On the contrary, 
CICTGI encourages the sharing of failure experience among members through 
material incentive, reputation incentive and other incentive ways, not only to find 
out the reasons for the failure of the experiment more quickly, but also to help 
other members get the knowledge transformed from the failure experience, reduc-
ing the probability of repeated failure. The above results are further validation of 
Theorem 2. Furthermore, when 𝜀A > 𝜀vro , the incentive level of innovation failure 
knowledge sharing will gradually increase. When �A = �vro , virtual research organ-
ization and its members have the same estimation of tolerance degree to fault-toler-
ance environment, and the incentive level will remain unchanged.

The initial value of model parameter is brought into formula (29), and the follow-
ing relation function is obtained:

It can be seen that the level of innovation failure knowledge sharing efforts Δe is 
positively related to the member’s estimate of tolerance degree to innovation fault 
tolerance environment �A , The better members perceive the tolerance degree of 
fault-tolerant environment, the better they can promote their own sharing efforts of 
innovation failure knowledge. When the impact of fault-tolerant environment on the 

(36)Δe∗∗ = 0.316 × (�A − �vro) + 0.284 + r�A

Fig. 2  The change of innovation failure knowledge sharing efforts of virtual research organization
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sharing efforts of innovation failure knowledge r = 0, the change of sharing efforts of 
innovation failure knowledge Δe is shown in Fig. 2.

It can be seen from Fig. 2 that the change of sharing efforts of members Δe is 
similar to the change of optimal incentive coefficient � , that is to say, the knowl-
edge sharing efforts of members decreases with the increase of the organization’s 
estimate of tolerance degree to fault-tolerant environment, and increases with the 
increase of the member’s estimate of tolerance degree to fault-tolerant environment.

When r ≠ 0 , r is independent of the organization’s incentive level. However, there 
is a positive correlation between the knowledge sharing efforts of members and the 
organization’s incentive level. The negative effect of fault-tolerant environment will 
further affect the observation of members’ knowledge sharing efforts. Therefore, the 
key to improve the sharing willingness of innovation failure knowledge of CICTGI’s 
member lies in creating an innovation atmosphere that encourages innovation and 
tolerates failure.

Specifically, when 𝜀A > 𝜀vro , the knowledge sharing efforts of members is 
higher, they will actively share innovation failure knowledge and are willing to bear 
the corresponding risk of knowledge sharing, the organization should increase its 
incentive compensation. When 𝜀A < 𝜀vro , the knowledge sharing efforts of mem-
bers without considering the negative effect of fault-tolerant environment is higher 
than that with considering the negative effect of fault-tolerant environment. At 
this time, the sharing incentive of virtual research organization cannot promote 
the knowledge sharing efforts of members, so the organization should reduce the 
incentive.

It should be noted that, If �vro is too large, the organization will reduce the incen-
tive level of innovation failure knowledge sharing, if a member of virtual research 
organization finds out this situation, it may have social loafing effect (Vveinhardt 
and Banikonytė 2017), and is not conducive to the innovation failure knowledge 
sharing of the whole organization. Therefore, for the improvement of the incentive 
mechanism, CICTGI should timely adjust the incentive intensity according to the 
estimation of tolerance degree to fault-tolerant environment of itself and its mem-
bers; on the other hand, it should also strengthen the correct understanding of fault-
tolerant environment of itself and its members.

5  Conclusions

In view of the process of innovation failure knowledge sharing among the members 
of virtual research organization, considering the risk aversion degree of the members 
and the negative effect of fault-tolerant environment, the incentive model of innova-
tion failure knowledge sharing of virtual research organization was constructed in 
this study. Through the theoretical analysis and case study of the incentive model, 
the following conclusions were drawn: (1) the optimal incentive coefficient of virtual 
research organization for innovation failure knowledge sharing increases with the 
improvement of the members’ shareable rate of innovation failure knowledge and 
the members’ transformation ability of innovation failure knowledge, and decreases 
with the increase of members’ sharing cost coefficient and members’ risk aversion 
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degree. (2) Considering the negative effect of fault-tolerant environment, the optimal 
incentive coefficient of virtual research organization for innovation failure knowl-
edge sharing decreases with the increase of tolerance degree of organization to fault-
tolerant environment, and increases with the increase of tolerance degree of organi-
zation members to fault-tolerant environment. (3) The virtual research organization 
should make the corresponding revision of the sharing incentive intensity according 
to the information it has, to further reduce the risk of knowledge sharing incentive 
and improve the overall innovation income of the organization.

This study presents the following management implications: (1) in the practice 
of innovation failure knowledge management, through the establishment of a good 
reward-and-punishment mechanism and supervision mechanism, the knowledge 
sharing behavior of the members in virtual research organization is strengthened 
promptly, which will effectively promote the members to adopt the sharing and 
cooperation strategy, and greatly reduce the free-riding behavior. (2) Virtual research 
organization should manage the tolerance degree of its members to the fault-tolerant 
environment, and improve the fault-tolerant environment within the organization. In 
the design of incentive contract, the interaction between fault-tolerant environment 
and innovation failure knowledge sharing rate, transformation ability, sharing cost 
and risk aversion degree are comprehensively considered, and appropriate incentive 
coefficient is selected to maximize the sharing behavior of organization members.

In addition, this study focuses on the impact of the negative effort of fault-toler-
ant environment on the incentive of innovation failure knowledge sharing in virtual 
research organization. However, in the case of previous innovation failure, the incen-
tive of innovation failure knowledge sharing is not only closely related to external 
environmental conditions, but also closely related to the individual characteristics of 
members, such as the cost of innovation failure of members, the position of mem-
bers in virtual research organization and other factors. Therefore, in the follow-up 
study, we can further consider the influence of individual characteristics of members 
in virtual research organization on the incentive intensity of knowledge innovation 
failure sharing.
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