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Figure 1 Knowledge absorption — integration framework
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Figure 2 The formation mechanism of the inverted
U - shaped relationship between knowledge

recombination and breakthrough technologies
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Table 2 Regression results on the relationship between knowledge recombination characteristics
and the formation of breakthrough technology
Ak B 1 B 2 BEAY 3 B 4
Assignee 0.041 0.039 0.042 0.041
(1.373) (1.297) (1.416) (1.381)
Team 0.129 0.137 0.127 0.133
(0.864) (0.919) (0.849) (0.894)
Gexperience -0.294" " " -0.292" " " -0.295" " " -0.290" "~
(-4.882) (-4.813) (-4.852) (-4.712)
Scale 2.399" " 2.441" " 2.398" " 2.426" " "
(4.603) (4.721) (4.433) (4.603)
Patcites 0.188" " " 0.184" " 0.185" " 0.182" " "
(6.881) (6.708) (6.735) (6.507)
Npatcites 1.151" "~ 1.154" " 1.132" " 1.151" "
(8.790) (8.786) (8.508) (8.576)
Claims 2.163" " 2.201" " 2.136" " 2.198" "
(6.111) (6.156) (6.150) (6.316)
Family -12.524" " " -12.480" " -12.647" " -12.542" "~
(-3.231) (-3.206) (-3.264) (-3.244)
Distance 1.092" " 1.515***
(2.201) (2.729)
Distance? -1.030" -1.383""
(-1.826) (-2.256)
Diversity 1.448 " 1.782" "
(1.798) (2.204)
Diversity? -1.378"° -1.964" "
(-1.829) (-2.528)
Year dummies Included Included Included Included
Technology dummies Included Included Included Included
Constant -3.846" " -3.910" " -4.096" " -4.153" " "
(-7.209) (=7.274) (=7.459) (=7.547)
Observations 8,485 8,485 8,485 8,485
Pseudo R? 0.102 0.103 0.103 0.105
Wald chi? 307.6 306.7 314.8 317.2
log likelihood - 1488 - 1486 - 1487 - 1482

" FRp<0.1," " FIR p<0.05," " " KR p<0.01; FHINP N EALE 2 GEil &b,
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Table 3 Regression results of the moderating effects of inter — organizational and
intra — organizational cooperation intensity
R B 1 B 2 B 3 Kl 4 T 5 B 6
Assignee 0.034 0.042 0.045 0.049 " 0.037 0.047
(1.068) (1.426) (1.547) (1.686) (1.191) (1.632)
Team 0.149 0.138 -0.148 -0.159 -0.144 -0.153
(0.998) (0.924) (-0.963) (-1.033) (-0.932) (-0.993)
Gexperience -0.296" " -0.296" " " -0.412" " " -0.413" " " -0.414" " -0.414" "~
(-4.884) (-4.873) (-6.555) (-6.394) (-6.561) (-6.397)
Scale 2.463" " " 2.422" " 0.076 0.078 0.085 0.114
(4.704) (4.462) (0.093) (0.100) (0.103) (0.146)
Patcites 0.192" " 0.186" "~ 0.166" ** 0.167" " 0.171" " 0.167" "~
(6.663) (6.717) (6.073) (6.083) (6.039) (6.039)
Npatcites 1.143" "~ 1.129" "~ 1.019" " 0.996" * * 1.009" "~ 0.991" "~
(8.700) (8.466) (7.361) (7.079) (7.296) (7.029)
Claims 2.181" "~ 2.139" " 2.090" " 2.043" " " 2.070" " " 2.044" "7
(6.084) (6.079) (5.645) (5.670) (5.614) (5.632)
Family -12.237" " -12.479" " " -11.867" " " -12.069" " " -11.713"** -11.967" " "
(-3.133) (-3.214) (-3.145) (-3.206) (-3.081) (-3.165)
Distance 1.220" " 1.067 " * 1.172" "
(2.454) (2.087) (2.294)
Distance? -1.257"" -0.997" -1.200" "
( —2.204) (-1.721) ( =2.055)
Diversity 1.530 " 1.527° 1.633" "
(1.878) (1.862) (1.964)
Diversity? -1.410" -1.547"" -1.606" "
(-1.867) (-2.019) (-2.088)
Interdensity -0.480" " -0.323 -0.332 -0.199
(-1.990) (-1.356) (-1.474) (-0.847)
Distance * Interdensity 5.405" " 5.198" "~
(3.210) (3.273)
Distance” * Interdensity -7.785" " " -7.598" " "
(-3.110) (-3.116)
Diversity * Interdensity 1.689 2.010
(0.446) (0.516)
Diversity® # Interdensity -0.098 -0.482
(-0.036) (-0.172)
Intradensity 0.159 "~ 0.158" "~ 0.158" "~ 0.157" "~
(7.294) (7.484) (7.202) (7.398)
Distance * Intradensity -0.109 -0.085
(-0.798) (-0.621)
Distance? * Intradensity 0.082 0.052
(0.562) (0.356)
Diversity * Intradensity -0.120 -0.124
(-0.622) (-0.643)
Diversity? * Intradensity 0.104 0.114
(0.524) (0.574)
Year dummies Included Included Included Included Included Included
Technology dummies Included Included Included Included Included Included
Constant -3.860" " " -3.848" "~ -3.357""" -3.391" " -3.404" " " -3.684" " "
(=7.170) (-7.228) (-6.270) (-6.401) (-6.313) (-6.663)
Observations 8,485 8,485 8,485 8,485 8,485 8,485
Pseudo R? 0.106 0.104 0.119 0.118 0.121 0.119
Wald chi? 317.1 322.6 348.9 362.8 358.5 369. 1
log likelihood - 1481 - 1485 - 1461 - 1461 - 1456 - 1460

E:*jéﬂi\‘p<041,**j§ﬂi\‘p<0.

05, " " Fm® p<0.01; FHINHN N FafE 2 Gt ik,
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Figure 6 The moderating effect of inter — organizational and intra — organizational cooperation intensity

Table 4 Regression results on the relationship between knowledge recombination characteristics and citation frequency

x4 MAEAFHTESHSIAERXRDAER

y = Forwardcite

BUN Y LR | R 2 R 3
Assignee 0.019* " 0.020° " 0.019**
(2.33) (2.49) (2.39)
Unique 0.034 0.033 0.033
(1.20) (1.14) (1.16)
Gexperience ~0.018*** ~0.018**" ~0.018**"
(=2.90) (=2.79) (-2.86)
Scale 0.128 0.105 0.126
(0.71) (0.58) (0.70)
Patcites 0.112%*" 0.112%** 0.111%**
(11.24) (11.14) (11.10)
Npatcites 0.473 %" 0.465" %" 0.469 " *
(10.86) (10.64) (10.72)
Claims 1.513°** 1.504% %" 1.509* **
(14.27) (14.17) (14.22)
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y = Forwardcite

A5 i AL MR 2 HLRY 3
Family -1.383""" ~1.409" " * —1.402" "
(-7.29) (-7.42) (-7.39)
Distance 0.322°*" 0.456"**
(3.01) (3.89)
Distance? -0.382% " " —0.492%* "
(-3.20) (-3.88)
Diversity 0.474% %" 0.532" "
(3.25) (3.59)
Diversity? -0.467" " " -0.587"" "
(-3.30) (-3.97)
Year dummies Included Included Included
Technology dummies Included Included Included
Constant 2.049% %" 1.976" %~ 1.980" " *
(17.30) (16.24) (16.25)
Observations 8,485 8,485 8,485
Adjusted R? 0.298 0.298 0.299
F 106. 8 106.8 101.5
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Table S The relationship between semantic dimension knowledge recombination

features and breakthrough technology formation

A5 i1 1A 2 i 3
Assignee 0.047 0.039 0.045
(1.616) (1.299) (1.543)
Team 0.116 0.132 0.121
(0.775) (0.885) (0.809)
Gexperience -0.322% " ~0.299* * -0.325% "
(-5.275) (-4.925) (-5.328)
Scale 2.353% %" 2.448 %" 2.401% %"
(4.538) (4.380) (4.362)
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Patcites 0.167" "~ 0.172" " 0.152" "
(5.867) (6.344) (5.348)
Npatcites 1.104" " " 1.083" " 1.040" " *
(8.277) (8.138) (7.696)
Claims 2.203" " 2.091" " 2.136" " "
(6.384) (6.020) (6.311)
Family -11.850" "~ -12.536" " " -11.937"*"
(-3.099) (-3.254) (-3.131)
Distance_sem 0.298 * * * 0.294 " " *
(4.317) (4.292)
Distance_sem? -0.011"*" -0.011**"
(-2.609) (-2.608)
Diversity_sem 5.133" 5.446" "
(1.899) (1.997)
Diversity_sem? -26.954" " -26.912" "
(-2.528) (-2.513)

Year dummies
Technology dummies

Constant

Observations
Pseudo R?
Wald chi?

log likelihood

Included
Included
—4.610% "
(-8.177)
8,485
0.116
352

- 1465

Included Included

Included Included
-3.937""" —4.729" " "
(=7.223) ( -8.240)
8,485 8,485
0.105 0.118
322.2 366.4
- 1484 - 1461

W FRp<0.1," " FIR p<0.05,* " FIR p<0.01; MM NEafE 2 GEit &,

*o6 HAAHFIERE AANSIERERETRAE

Table 6 The moderating effects of inter — organizational and intra — organizational cooperation intensity

AF AR 1 LR 2 A 3 R 4 1A 5 1A 6
Assignee 0.055 0.039 0.052" 0.045 0.057* 0.043
(1.619) (1.342) (1.823) (1.548) (1.798) (1.520)
Team 0.129 0.148 ~0.123 ~0.160 ~0.111 ~0.150
(0.868) (0.991) (-0.796) (-1.038) (-0.716) (-0.972)
Gexperience ~0.324% " -0.301" " " -0.416%"" —0.412%"" ~0.413° " ~0.413% "
(-5.312) ( -4.935) (-6.331) (-6.579) (-6.302) ( -6.553)
Scale 2.351°%° 2.461% " 0.255 0.063 0.274 0.077
(4.518) (4.407) (0.298) (0.074) (0.319) (0.090)
Palcites 0.167°** 0.170° ** 0.157°*" 0.149% * 0.158" ** 0.147% %"
(5.798) (6.253) (5.426) (5.434) (5.358) (5.308)
Npatcites 1.094*** 1.081*** 0.965*** 0.916* ** 0.956*** 0.911***
(8.184) (8.120) (6.632) (6.432) (6.557) (6.391)
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AR B 1 R 2 Bl 3 B 4 B 5 BAL 6
Claims 2.215" " 2,102 " 2,134 " 1.989 " ** 2,143 " 1.996" * *
(6.145) (5.952) (6.067) (5.480) (5.899) (5.451)
Family -11.584" " -12.381" " " -11.382"" " -12.060" " " -11.181" " " -11.957" "
(-3.047) (-3.210) (-3.057) (-3.196) (-3.019) (-3.158)
Distance_sem 0.368" " * 0.332" " " 0.386" " *
(4.442) (3.898) (4.090)
Distance_sem> -0.018* " * -0.015" " -0.021"% "
(-3.014) (-2.135) (-2.546)
Diversity_sem 6.181"" 5.194* 6.218" "
(2.318) (1.900) (2.304)
Diversity_sem? -32.962" " " -26.546" " -32.222" " "
(-3.128) (-2.464) (-3.032)
Interdensity -0.629" -0.710" " -0.499 -0.553"
(-1.894) (-2.265) (-1.574) (-1.860)
Distance_sem * Interdensity 1.347" " 1.229"°
(1.972) (1.836)
Distance_sem” # Interdensity -0.134"" -0.121"
(-1.961) (-1.803)
Diversity_sem * Interdensity 25.798 " " * 25.766"
(2.578) (2.491)
Diversity_sem? * Interdensity -136.112" "~ -132.450" " "
(-3.243) (-3.212)
Intradensity 0.127**" 0.158" ** 0.123" " 0.157" "
(4.247) (7.362) (4.057) (7.230)
Distance_sem * Intradensity 0.013 0.018
(0.587) (0.766)
Distance_sem? # Intradensity -0.000 -0.001
(-0.310) (-0.515)
Diversity_sem * Intradensity 1.408 " 1.498"
(1.663) (1.721)
Diversity_sem” # Intradensity -4.833 -5.248
(-1.342) (-1.416)
Year dummies Included Included Included Included Included Included
Technology dummies Included Included Included Included Included Included
Constant -3.613""" -3.860" " " -3.196" " -3.361""" -3.266" " " -3.367" " "
(-6.776) (-7.224) (-6.036) (-6.295) (-6.106) (-6.286)
Observations 8,485 8,485 8,485 8,485 8,485 8,485
Pseudo R? 0.118 0.106 0.128 0.121 0.130 0.122
Wald chi? 350.7 345.6 373.7 360.6 374.7 383.3
log likelihood - 1462 - 1481 - 1444 - 1457 - 1442 - 1455

H: " FRp<0.1, " FIRp<0.05," " " FIR p<0.01;FHIMHA MFafd 2 it
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Table 7 Regression results on the relationship between knowledge recombination features and

breakthrough technology formation in sub — samples

g =X

AR R 1 R 2 i 3
Assignee -0.019 -0.015 -0.004
(-0.674) ( -0.435) (-0.137)
Gexperience -0.255""" -0.251""" -0.278" " "
( =3.796) ( -3.834) ( -4.452)
Scale 2.337" " 2.427" " 2.355" "
(4.187) (4.293) (4.782)
Patcites 0.202" " 0.221" " " 0.179" **
(7.032) (7.784) (6.121)
Npatcites 0.303" " " 0.344" " " 1.309" " *
(6.191) (6.632) (9.351)
Claims 1.600" " 1.719 " 2.031" "
(4.975) (5.660) (6.260)
Family -1.173" " -12.636" " " -11.966" "~
( -6.567) ( -2.716) ( -2.853)
Distance 0.995" 1.243° "
(1.685) (2.168)
Distance? -1.243" -1.166 "
(-1.828) ( -1.810)
Diversity 2.398" " 1.685"
(2.171) (1.827)
Diversity? —2.558* " " -2.100" "
( =2.766) (-2.569)

Year dummies
Technology dummies

Constant

Observations
Pseudo R
Wald chi?

log likelihood

Included

Included

-3.248* "

( -5.536)
6,891
0.152
270.4

-990.5

Included

Included

Included Included

—4.353% " —3.674% "

( -6.720) ( -6.608)
6,891 6,891
0.123 0.112
254.4 299.7
-1024 ~1247

T F R p<0.1," " KR p<0.05,* "

TR p <0.01HFINN N R 2 SR
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Table 8 Robustness test — moderating effects of inter — organizational and
intra — organizational cooperation intensity in sub — samples
Ed B 1 ) BiAl 3 A 4 B 5 BiAl 6
Assignee -0.033 -0.008 -0.017 0.001 -0.040 0.001
(-1.130) (-0.331) (-0.778) (0.037) (-1.267) (0.011)
Gexperience -0.264" " " -0.253" " " -0.400" "~ -0.371°"" -0.393""" -0.372" " "
(-3.996) (-3.858) (-5.887) (-5.622) (-5.922) (-5.052)
Scale 2.512" " 2.449" " " -0.422 -0.318 -0.231 -0.300
(4.128) (4.300) (-0.612) (-0.450) (-0.335) (-0.362)
Patcites 0.224" " " 0.222" "~ 0.358" " " 0.193" "~ 0.372" " " 0.192* "~
(7.350) (7.744) (7.187) (6.703) (6.700) (6.147)
Npalcites 0.330" " " 0.344" "~ 0.174" " " 0.308" "~ 0.182" " " 0.308" " "
(6.511) (6.630) (3.644) (5.886) (3.456) (6.555)
Claims 1.705" " 1.715" " 1.532" " 1.646" " 1.397" " 1.643" " "
(5.457) (5.645) (4.535) (5.097) (4.072) (4.889)
Family -12.088" " -12.485" " " -12.326""" -11.401"" -11.016"" -11.346" "~
(-2.607) (-2.684) (-2.708) (-2.546) (-2.474) (-4.309)
Distance 0.985" 1.155" 1.090 "
(1.663) (1.826) (1.711)
Distance’ -1.345"" -1.320" -1.308"
(-1.962) (-1.763) (-1.742)
Diversity 2.385" " 2.216" 2.242"
(2.174) (1.991) (1.937)
Diversity” -2.544" 7" -2.492" " -2.514""
(-2.769) (-2.635) (-2.513)
Interdensity -0.627" " -0.233 -0.396 -0.092
(-2.073) (-1.185) (-1.487) (-0.451)
Distance * Interdensity 7.025" " 6.199" "
(3.174) (3.142)
Distance” * Interdensity -9.690" " " -8.862" " "
(-3.196) (-3.036)
Diversity * Interdensity -0.102 0.994
(-0.029) (0.193)
Diversity? * Interdensity 1.094 0.082
(0.423) (0.021)
Intradensity 0.181 """ 0.176 " * 0.168" "~ 0.174* " "
(7.958) (7.463) (7.254) (6.515)
Distance * Intradensity -0.151 -0.126
(-0.982) (-0.829)
Distance” * Intradensity 0.107 0.105
(0.629) (0.624)
Diversity * Intradensity 0.543 " 0.572
(1.747) (1.080)
Diversity® * Intradensity -0.451" -0.459
(-1.661) (-1.185)
Year dummies Included Included Included Included Included Included
Technology dummies Included Included Included Included Included Included
Constant -4.113" " -4.190" " -4.193" " " -3.935" " " -4.574" " " -3.946" " "
(-6.899) (-7.159) (-7.334) (-6.734) (-7.549) (-5.740)
Observations 6891 6891 6891 6891 6891 6891
Pseudo R? 0.125 0.124 0.143 0.147 0.158 0.148
Wald chi? 253.8 259.8 316 319.4 354.6 345.1
log likelihood -1022 -1023 - 1004 -995.7 -982.9 -995.3

W F AR p<0.1," " FR p<0.05," " FR p<0.01;$EIRAN i 2 Hil &,
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Research on the formation of breakthrough technology from the
perspective of knowledge recombination

ZHENG Shi - xin, WANG Xue - feng, CHEN Hong — shu, LEI Ming
(School of Management, Beijing Institute of Technology, Beijing 100081, China)

Abstract: As an intrinsic requirement and a crucial focal point for achieving high — level technological self — reliance and driving high
— quality economic and social development in China, the cultivation and formation of new quality productive forces represent a complex
process confronted with multifaceted theoretical and practical challenges that require systematic investigation and urgent resolution. This
process fundamentally depends on the emergence of revolutionary technological breakthroughs to provide sustained momentum and struc-
tural support for its advancement. Within this context, understanding the foundational mechanism of technological formation and foste-
ring the emergence of breakthrough technologies have become critical priorities for Chinas innovation — driven strategy.

Building upon the theoretical foundation of knowledge recombination, this study systematically investigates how specific character-
istics of knowledge recombination—primarily knowledge distance and knowledge diversity—influence the formation of breakthrough
technologies. The study further examines the moderating role of inventor collaboration intensity, making a critical distinction between
inter — organizational and intra — organizational cooperation. To empirically validate the proposed theoretical framework, we constructed
a comprehensive dataset comprising patent records from the United States synthetic biology sector spanning the period from 2004 to
2021. This sector constitutes an ideal empirical setting due to its inherently interdisciplinary nature, rapid knowledge obsolescence,
and high - stakes innovation environment. These characteristics collectively create an amenable context for examining the dynamics be-
tween knowledge recombination and breakthrough technological outcomes.

The empirical analysis yields several significant findings that contribute to both theoretical understanding and practical application.
First, the research confirms that both knowledge distance and knowledge diversity maintain inverted U — shaped relationships with the
formation of breakthrough technologies. This nonlinear pattern suggests that while moderate levels of knowledge heterogeneity stimulate
novel connections and creative synthesis, excessive cognitive distance or overwhelming diversity may exceed organizational absorption
capacities and impede meaningful knowledge integration. Second, regarding contextual moderators, the intensity of inter — organization-
al collaboration significantly strengthens these observed inverted U — shaped relationships between knowledge recombination characteris-
tics and technological breakthroughs. Conversely, intra — organizational collaboration demonstrates no statistically significant moderating
effect. This differential impact highlights the unique value of cross — organizational partnerships in introducing complementary knowl-
edge stocks, diverse problem — solving approaches, and alternative interpretive frameworks that collectively enhance the innovative po-
tential of knowledge recombination processes.

This research makes substantive contributions to the theoretical discourse surrounding the origins and drivers of breakthrough tech-
nologies by providing nuanced insights into the complex interplay between knowledge structures, collaborative contexts, and innovative
outcomes. From a practical perspective, the findings offer valuable guidance for scholars, innovation policymakers, and organizational
leaders—particularly within Chinas ongoing pursuit of technological sovereignty and quality — driven development. By strategically con-
figuring knowledge portfolios, optimizing collaboration patterns, and implementing governance mechanisms that foster productive cross
— boundary exchanges, organizations and nations can systematically enhance their capacity to generate transformative technologies and
accelerate the cultivation of new quality productive forces in strategic emerging sectors.

This study has theoretical and empirical contributions, but it also has limitations that point to future research. First, the generaliz-
ability of the findings, derived from synthetic biology, requires further validation. Second, the underlying mechanisms for the distinct
effects of technologically — measured versus semantically — measured knowledge recombination on breakthrough technology remain un-
clear. Finally, while we examine the macro — level moderating role of collaboration, future work should investigate its micro — level
foundations.

Key words: breakthrough technology; knowledge recombination; knowledge distance; knowledge diversity; organizational collaboration



