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Synopsis Ext ant s ala ma nders a re used as modern analogs of e arly digit-be ar ing tetrap o ds due to general similarities in mor- 
p ho logy and ecology, but the study species have been pr imar ily ter restr ial and relati vel y sma l ler wh en th e ear liest digit-be ar ing 
tetrap o ds were aquatic a nd a n o rder o f magni tude lar g er. Thus, w e created a 3D co mpu tatio nal m ode l of un derwater wa l king in 

extan t Ja p anese g iant sa laman ders ( Andri as jap oni cus) using 3D ph otogramm etry an d open-access graphics software (Blen der) 
to broaden the ran g e of testa ble hypotheses about the inci p ient s ta ges of terres t ria l locomot ion. O ur 3D m ode l an d software 
pr otocol r epr esent the init ia l s ta ges of an open-access p i pe lin e that could serve as a “on e-stop-s h op” for studying locomotor 
functio n, fro m creating 3D m ode ls to analyzing the mechanics of locomotor gaits. While other pipe lin es gen era l ly re quire 
mu lt iple softwar e pr ograms to accomplis h th e different steps in creating a nd a nalyzing co mpu tatio nal m ode ls o f loco motio n, 
o ur pro tocol is b ui lt ent ire ly within Blen der an d fu l l y customizab le wi th i ts Pytho n scri pting s o us ers can de vote m ore tim e to 

creating a nd a nalyzing m ode l s instead of n avigating t he le ar nin g curv es of s e veral s o ftware p rogra ms. The ma in val ue o f our 
approach is that key kinematic variables (e.g. spe e d, st r ide lengt h, an d e l bow flexion) can be easi ly a ltere d on the 3D model, al- 
lowing scientists to test hypotheses about loco moto r functio n and co nd uct mani pu lat iv e experiments (e.g. len gthenin g bones) 
that are difficult to perform in viv o . Th e accurate 3D m es h es (an d animation s) g enerated through ph otogramm etry also provide 
ex citin g o p portunit ies to exp an d th e abun dan ce an d diversi ty o f 3D digi tal anim al s available f or resea rc her s, educat or s, artists, 
co nservatio n b iologists, etc. to maximize societal impacts. 
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ntroduction 

omputational models of locomotion 

 ecent soft wa re adva nces in 3D imaging a n d m od-
 ling provide n ew o p po rtuni ties fo r scientists to un-
erst and complex f unct iona l processes and patterns of
 o dy shap e t hrough t he lens o f 3D co mpu ter simu-

atio ns ( Li u 2002 ; Do ng et al. 2010 ; La f orsch et al.
012 ; D emut h et al. 2023 ). For example, new applica-
io ns o f t ec hnologies for m ode lin g livin g anim al s, such
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st ructures, as wel l as un derstan d th e physical forces
that a ffect th e m ovem ent of th es e structures ( Bie wener
2003 ; Ir sc hic k and Higham 2016 ; B iew en er an d Pate k
2018 ). Conceptu al, physic al, an d math emat ica l m ode ls
have co mmo n ly be en use d in b io mec hanics t o iden-
tify th e m ech ani stic links between f orm a n d fun ction
( Alexander 2003 ), ena blin g significan t con t ribut ions
abo ut mo tor control to bot h t he basic and applied sci-
ences. 

Co mpu tatio nal t ec hniques t o study neuromuscular
contr ol wer e crucial to making ke y s cientific dis cover-
ies, such as determining tha t Tyr a nnosa urus rex lacked
the mu scle an at omy t o be a fast runner ( Hut c hinson and
Garcia 2002 ; Hut c hinson et al. 2005 ). In addition, com-
pu tatio nal m ode ls revea le d tha t chim p anze e muscles
do not actua l ly h ave “supern atura l” st rength comp are d
to other primat es; inst ead , huma ns a re the a nomaly by
evo l ving weaker muscles that are better buil t fo r en-
duran ce rath er t han strengt h ( O’ Nei l l et a l. 2017 ). Vari-
o us software ap plications can be used to construct mus-
culos ke letal m ode ls an d th en con duct dynamic simula-
tio ns o f motio n to identify th e m echanical r equir ements
of different lo comotor b ehaviors. F or exam ple, Open-
Sim en ables u sers to b io me chanica l ly m ode l th e loco-
m otor fun ctions of different musculos ke letal designs,
co nd uct mani pu lat ive experiments v i a co mpu ter sim-
u lat ions, and app l y algo ri thms to so l ve anal ytical prob-
lems in the neuro muscular co ntrol o f m ovem ent ( De lp
et a l. 2007 ). Mu lt i-j oint dy namics w it h Cont act (“Mu-
JoCo”) is a physics engine th at h a s grown in po p ul arit y
because it can accomplish similar tasks as OpenSim but
a t a ra te tha t is 600 times faster due to the use of ma-
chine le ar ning ( Todorov et al . 2012 ; Ric h ard s et al. 2018 ;
La B arb era et al. 2022 ). Alth ough m ost physical m od-
el s u se d in such simu lat ion s hav e t radit iona l ly focuse d
on m amm al s (e.g. hum ans, non-hum an prim ates, and
rodents), val uable info rmatio n abou t loco moto r evol u-
tion h a s be en gleane d fro m studying a b roader ran g e of
taxa, such as dinosaurs, frogs, a nd ea rly digit-bea ring
tetrap o d s a s well a s th eir m odern analogs ( Hut c hinson
et al. 2005 ; Pierce et al . 2012 ; Ric h ard s et al. 2018 ; Bi s h op
et al. 2021 ; Molnar et al. 2021 ). 

Tw o g eneral g o a ls ar e, ther efor e , t o broaden the ran g e
of accurate 3D m ode ls for n on-m ode l species, an d th en
to provide a fram ewor k to use th ese 3D m ode ls to exam-
in e th e m ech ani stic links between m orph olog ica l and
funct iona l diversity in locomot or syst ems. The latt er
is espe cia l ly im portan t, as studies of sprawling crown
tetrap o d s (e.g. lizard s, salam anders) are t ypic a l ly lim-
it ed t o high-speed videography, yet debates about the
kin ds of m ovem ents (kin ematics) th ese anim al s under-
take (e.g . pelv ic rota tion, fem ur rota tion, a nd f emur
ret ract ion; se e Rei l ly an d De lan cey 1997 ; Rei l ly 1998 ;
Jayn e an d Ir sc hic k 1999 ) r equir e a gr eater ran g e of data
th an i s t ypic a l l y achievab le wit h st a nda rd labo rato ry
t ec hniques (i .e . surface la ndma rks). Thi s i s becau se cer-
tain m ovem ents ar e infr e quently observe d (e.g. sprawl-
ing wa l k wi thou t lateral bending) o r cha l leng ing to
qu antify w i thou t x-ray v ideo (e.g . deg re e o f lo ng-axis
rot ation in t he femur). Cre ating a 3D m ode l of a sprawl-
ing digit-be ar ing tetrap o d in which certa in axial a nd ap-
pen dicular m ovem ents ca n be ma nipu late d in an exper-
im ental mann er would, th er efor e, be a valuable contri-
bu tio n to science by expanding the ran g e of hypotheses
that could be t est ed about loco moto r functio n. 

To this end, we created an accurate 3D m ode l of
a lar g e crow n sal a ma nder (Japa nese gia nt sala ma nder,
Andri as jap oni cus ), an d th en u sed th at m ode l in a n ew
p i pe lin e we created in o pen-access, o pen-so urce soft-
ware (B lender) t o explo re loco moto r p rinci ples through
the v isu a lizat ion a nd ma nipu lat ion of kinemat ic vari-
a bles. In this way, w e set the s ta g e for creatin g 3D dig-
ital m ode ls of living anim al s from 2D p hotograp hs, or
thro ugh o ther 3D imaging t ec hniques, an d th en study-
ing dynamics in th e locom otor m echanics of th ese dig-
ital m ode ls. We th en di scu ss the val ue o f this 3D m ode l
f or understa ndin g the ev ol u tio n o f ter restr ial locomo-
tion in vert ebrat es, a s thi s and other sala ma nders a re
u sed a s modern an a logs of early dig it-bearing tet rap o ds
due to general similarities in m orph ology an d ecol-
ogy ( Kara kasi liot is et a l. 2013 ; Bis h op et al. 2015 ). We
first provide some b ackg round on sala ma nders as a
m ode l system for studying th e locom otion of early digit-
be ar ing tetrapods, and t hen descr ibe t he benefits of
in tegra ting com puta t iona l m ode ls int o c lassrooms t o
imp rove equi ty, incl usio n, an d accessi b ili ty in Science,
Te chnology, Eng ine ering, and Ma thema tics (STEM). 

Use-case: modeling early digit-bearing 

tetrapods 

Ter restr ial loco motio n was a major evolutionary tran-
si tio n that led to the expansion of vert ebrat es int o
new e colog ica l niches and the subsequent diversifica-
tio n o f digi t-be ar ing tetrap o ds ( Fig . 1 ). A lt hough t he
fin-to-limb t ransit ion was on ce presum ed to have co-
incided with the wat er-t o-la nd tra nsi tio n, t he e arliest
digit-be ar ing tetrap o ds were fully aquatic and likely
used their limbs for underwater wa l king ( L eb edev 1997 ;
Pierce et a l. 2013 ). E xt ant s alamanders r epr esent mod-
ern a nalogs f or ea rly digit-bea ring tetrap o ds due to
m orph olog ica l simi larit ies th at rem ain ed re lative ly con-
served for at least 230 million years ( Schoch et al. 2020 )
a nd simila ri ties in develop menta l st rateg ies ( Schoch
2002 ; Long and Gordon 2004 ). How ev er, ext ant s ala-
man ders comm on ly studie d in this cont ext [e .g. Am-
bys t o ma ( Kawano et al. 2016 ), Sala ma nd ra ( Pier ce et
al. 2020 ), an d Di ca m pto d on ( As hley-Ross 1994a )] are
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Fig. 1 Comparison of body sizes across extant salamanders and stem tetrapods = . Most studies on extant salamanders have been 
conducted on species that are only about 13–33% of the total length of early digit-bearing stem tetrapods, such as Greererpeton and 
Acanthostega , r espectiv ely. PhyloPic images w er e used for Ambystoma tigrinum via an Attribution 3.0 Unported license ( Quigley 2021 ), 
Acanthostega gunnari via a CC0 1.0 Universal Public Domain Dedication ( Hartman 2013 ), and Eryops megacephalus via an 
Attribution-NonCommercial-ShareAlike 3.0 Unported license ( McHugh 2014 ). The image for Greererpeton was originally created by 
Gabriel N. Ugueto ( Ugueto 2018 ) and then modified into a gray silhouette, with permission from Gabriel N. Ugueto to use the modified 
image herein. 
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igh ly terrest ria l (fol lowing e colog ica l classificat ions
ro m Fab re et al. 2020 ) an d, th er efor e, mor e appr opriate
or m ode ling m or e cr ownwar d st em t etrap o ds ( Pierce
t al. 2013 ). 

The current literature on the locomotor biomechan-
cs of sala ma nders may r eflect a r e lative ly biased sam-
ling of sma l l , t er restr ial species t h at underestim ates
 he f unct iona l diversity of sala ma n ders. Th e n euro-
 uscular con trol of walking is proposed to be rela-

i vel y conserved in crown tetrap o ds ( Ashley-Ross 1995 ;
ayn e an d Ir sc hic k 1999 ; Rei l ly et a l. 2006 ; Pierce et
 l. 2020 )—even across aquat ic and terrest ria l environ-
 ents ( As hley-Ross an d Bec ht el 2004 )—bu t b roader

o mpariso ns across exta nt sala ma nder species s ugges t
therwise. Comp are d to terrest ria l sa la ma nders ( A.
igri nu m ), the limbs of semi-aquat ic sa la ma n ders ( Pl eu-
o d el es w a ltl ) sup port less weight a nd tra nsmit loco-

oto r fo rces (i .e . gr ound r eactio n fo rces) mo re ho r-
zonta l ly rather than front-t o-bac k during terrest ria l
a l kin g, presuma b l y to pr ior itize st a bility ov er f orwa rd
ro p ulsion ( Kawa no a nd Blob 2022 ). In addi tio n, the
echanics of sala ma nder walking h a s been limited to

pecies that are about 0.2 m in total length but early
igit-be ar ing tetrap o ds were an order o f magni tude

ar g er ( Fig. 1 , G odfre y 1989 ; C lack 2002 ). Sca ling can
rast ica l ly a ffect t he f unct iona l morp ho logy and b io me-
 hanics of t etrap o d lo co motio n, such a s increa sing peak
 tres ses applied to limb bones dur ing ter restr ial loco-
otion ( B iew ener 2005 ). Body size li kely const raine d

er restr ial loco motio n in early digit-be ar ing tetrap o ds,
 ut ap pro priately sized models are ne e de d to investigate
 his f urt her. 

Jap anese g iant sa laman ders—A. jap oni cus
 Temminck 1836 )—are the second lar g est amphib-
a ns on ea rth, reac hing t otal len gth s of ∼1.5 m and
 o dy m a sses up to 35 kg ( Raffaëlli 2022 ) th at are
omparable to the estimated b o dy sizes o f so m e ear ly
igit-be ar ing tetrap o ds. Greererpet o n clos ely res embles
h e m orph ology an d ecology of Andrias , which includes
orsovent ra l ly compresse d b o dies th at are ch aracter-

stic of benthic walkers, a w ell-dev eloped lateral line
ystem, re lative ly s h ort limbs, an d a pr imar i ly aquat ic
ifestyle ( G odfre y 1989 ) with the potent ia l fo r limi ted
x cursion s on land ( Whitn ey an d Pier ce 2021 ). And rias
nhab i t fast-flowing streams and rivers that are primar-
ly in sout her n Honsh ̄u, S hikoku , an d Ky ̄us h ̄u is lan ds
n Japan. Although they are a lmost ent irely aquat ic,
hey en gag e in exten siv e wa l kin g on riv erbeds a nd ca n
limb up art ificia l in clin es an d st ep ladder s ( Ta ka h a shi
t al. 2016 ). How ev er, liv e And rias ar e difficult to study
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Fig. 2 Overview of our workflow to generate and animate 3D 

photogrammetry models. (A) The A. japonicus specimen is 
photographed from a successive series of angles around the 
specimen. (B) Through digital photogrammetry, the 3D meshes 
from the dorsal and ventral views are reconstructed from the 
specimen photos. Relative photo positions are illustrated as blue 
rectangles, with each photo contributing to the central 3D mesh 
(dorsal mesh pictured here). (C) The mesh is processed using 3D 

modeling software. Dorsal and ventral meshes are combined, with 
the resulting wireframe visible in black. Additional specimen 
measurements, visible as red lines and a blue silhouette, are used 
to correct for artifacts in the scan data. (D) A 3D animation of the 
armatur e is cr eated as a series of inter connected bones, contr olled 
via inverse-kinematic constraints on the “bones,” depicted as 
primitive geometries. (E) The armature is animated using 
r efer ence videos and known kinematic data. A texture map is 
generated using specimen photos. Virtual trackers attached to the 
feet keep track of stride length throughout the animation. 
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due to their rest ricte d ge og raphic ra nges a nd ra rity
(li sted a s vuln erable in th e 2021 IUCN recl assific ation:
IUCN SSC Amphibi an Speci alist Group 2022 ), so little
loco moto r wo rk h a s been do ne o n this spe cies. To fil l
this gap, we created a 3D m ode l of an adult A. jap oni cus ,
which s h ou ld a l low fo r mo r e hypothesis testing r elated
to sprawling locomotion in qu adruped al vert ebrat es,
such as e arly digit-be ar ing tetrap o d s. Ultim ately, we
aim to develop a user-friendly p i peline that could be
a cent ra l h ub for crea ting, anima ting, a nd a nalyzing
animal m ovem ents. 

Methodology 

Creating a 3D model 

To create a 3D m ode l of an adult Jap anese g iant sa la-
mander, we in tegra ted da ta fro m a 3D digi tal pho-
tog rammet ry scan of a preserved indiv idu al w ith v ideo
data from live indiv idu als. Photos of underwater wa l k-
ing and the general morp ho logy of live A. japoni-
cus were obtained from the Rept i le Discovery Cen-
ter (RDC) at the Smi thso nian Natio nal Z oo C onserva-
tion Biology Insti tu te (NZCBI) through a protocol ap-
pro ved b y their A nim al Ca re a nd Use Co mmi ttee (p ro-
to col numb er: SI-22,035). Th e two in div idu als t est ed in
July 2022 were t wo l arge males: “Hiro” (RDC accession
number: 307,252; 87 cm tot al lengt h and 7.8 kg tot al
weight) and an indiv idu al in the public exhib i t (RDC ac-
cession number: 307,247; 91 cm total length and 7.1 kg
total weig ht), w hich were donated alo ng wi th two fe-
males by the Asa Zoolog ica l Park in the Asakita Ward
of Hiroshima, Japan. We film ed th e two males at dif-
f erent a ngles with a GoPro HERO10 B lac k cam era. Th e
camera was submer g ed underwater, o r posi tio ned ou t-
side of the enclosure to obta in na rrow a n d wide fie lds of
view, respe ct i vel y. Th e cam era an d cam era accessories
were disinfe cte d p rio r to u se in the anim al enclosures.
The videos were then de compose d into co nsecu tive se-
ries of p hotograp hs for th e n ext step of the workflow (i .e .
im age regi st rat ion). Further, we fol lowe d genera l guide-
lines for single-camera photog rammet ry to convert 2D
images into 3D m ode ls ( Fa l kingham 2012 ; Me dina et al.
2020 ; Fig. 2 ). 

Preserve d spe cim ens were obtain ed from the Na-
t iona l Museum of Natural History (NMNH) in Wash-
ingt on, D.C., t o capture finer resol u tio n o f skin tex-
ture an d gen eral b o dy prop ortions for our 3D m ode l
( Fig. 2 A). We chose two of the lar g es t s pecimens in
the col le ct io n, US NM 34215 [tot al lengt h: 64 cm, snout
v ent len gth (SVL): 43 cm] and USNM 56769 (total
length: 66 cm, SVL 43 cm). Th e specim ens wer e stor ed
in ethanol and carefu l ly drie d with paper towels to re-
duce image disto rtio n that can occur from light refract-
ing through or refle ct in g from w et surfaces. We used a
pla stic di sse ct ion t ray as a tur nt able to manua l ly rotate
th e specim en 360 

◦ while th e cam era wa s station ary. The
tur nt able was rot ate d on ly a few deg re es betwe en each
p hotograp h to create smooth t ransit ions. 

Each specimen was p hotograp hed using a Canon EF
24–105 mm f/4L IS USM lens fitted wi th a UV no n-
polarizing fil ter o n a Cano n EOS 7D dig ita l camera.
Th e cam era was m oun ted on to a Manfrotto aluminum
trip o d with a three-way head (m ode l: MK055XPRO3-
3W) to improve image stabi lizat ion. A conse cut ive se-
ries of p hotograp hs was tak en 360 

◦ a roun d th e speci-
men at a consta nt a ngle (pointed downwards at roughly
45 

◦ a bov e the specimen) and then repeated at an oth er



3D digital model of a giant salamander 5 

c  

p  

e  

p  

a  

f  

p  

f  

t  

m  

c  

r  

c  

t  

t  

s  

3
 

p  

n  

I  

fi  

c  

t  

a  

c  

B  

o  

s  

c  

P  

U  

c  

m
 

b  

a  

f  

i  

c  

i  

o  

8  

a  

A  

p  

o  

a  

c  

2  

I  

e  

b  

(  

h  

l  

a  

t

A

A  

t  

f  

t  

e  

l  

m  

T  

g  

o  

p  

p  

B  

r  

t  

t  

b  

m  

s  

g
 

t  

a  

A  

r  

t  

i  

t  

w  

l  

3  

t  

t  

t  

l  

w  

T  

g  

t  

J
 

t  

l  

n  

i  

s  

o  

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/advance-article/doi/10.1093/icb/icae129/7726734 by guest on 21 August 2024
onsta nt a ng le (roug h ly latera l to the specimen). These
 hotograp h s w ere col le cte d whi le the spe cimen was ori-
n ted ven tral-side down an d th en th e process was re-
e ated on t he o p posit e side t o cap ture eno ugh detail
roun d th e b o d y. 2D p hot os were stit c hed t ogether t o
orm a 3D m ode l by a lig ning common la ndma rks across
ho tos thro ugh im age regi stration ( Fig. 2 B), which was
aci litate d by incorporat ing 50% or m ore over lap be-
w een con secutiv e ph otos an d ph otog raphing spe ci-

ens from at least two ca mera a n gles durin g imag e
apture ( Medina et al. 2020 ). In addi tio n, image pa-
amet er s were made consis tent acros s photos to ac-
ount for differences in image qu alit y, lighting condi-
ions, a nd ca mera settings between the pho to shoo ts at
h e NZCB I an d NMNH. In th e presen t pa per, we de-
cr ibe t he workflow for the 3D model created for USNM
4,215. 

Separate 3D m ode ls wer e cr e ated for e ac h anat omical
 ersp e ct ive (e.g. dorsa l vs. vent ra l) using sta nda rd t ec h-
iques for ph otogramm et ry re const ruct ion ( Bot and
r sc hic k 2019 ) and then mer g ed into a single 3D model
le using Blender (version 3.4). A dorsal m es h was re-
onst ructe d using 41 images of th e specim en an d a ven-
 ra l m es h was const ructe d fr om a differ ent set of 47 im-
ges of the same specimen. The co mb ined 3D mesh was
onst ructe d using po l ygon m ode ling t ec hniques (see
ot and Ir sc hic k 2019 fo r mo re deta il) overla id on top
f the two separate 3D model s, m at c hing the shape and
ize of the latter. Certain areas of the 3D model were
orre cte d u sing 2D im ages created in Mediba ng Pa int
ro as well as m easurem en ts tha t wer e r efer enced fr om
SNM 56769 and living specimens at the NZCBI to ac-

ount fo r mino r art ifacts create d dur ing t h e ph otogram-
etry process ( Fig. 2 C). 
The co mb ined 3D model wa s al so o p timized for

ro ader animat ion uses by app l ying po l ygon m ode ling
n d retopology m eth ods (refer to Bot and Ir sc hic k 2019
o r mo re det ails) t hat a l low the animat ion to be mod-
fied on computer w orkstation s with a wide ran g e of
o mpu tin g pow er. Th e 3D m ode l an d su bsequent an-
ma tions, sim ula tions, an d m easurem ents wer e cr eated
n a Windows 11 workst ation wit h a 6-Core Intel i7-
700 p rocesso r, NVID IA Gef orce 1070 graphics card,
nd 64 gigabytes of RAM (random access memory).
ddi tio n al mea suremen ts and modifica tion s w ere also
er for med on an Apple M1 processor and a variety of
th er Inte l wor kst ations to confir m f unct iona lity across
 variety of opera ting pla tf orms a nd ha rdwa re specifi-
at ions. As detai le d in p rio r publicatio ns ( Fa l kingham
012 ; Ir sc hic k et al . 2020a , 2020b ; Medina et al. 2020 ;
r sc hic k et al . 2022 ), th ere is a long an d establis h ed
mp irical histo ry esta blishin g 3D ph otogramm etry as
eing accurat e , a s long a s certain co ndi tio ns are met
 Zha ng a nd Maga 2023 ), which w e hav e g enera l ly ad-
 ered to h ere. Th e accuracy of our combined model
ater a ssi sted in improving th e deve lopm ent of th e 3D
r mature (“digit al mar ion ette”) an d su bsequent anima-
ions and sim ula tions. 

nimating the 3D model 

 n anim ated 3D arm ature wa s built an d attach ed to
he co mb ined 3D model to form the dig ita l m ode l used
or sim ula tion and measurements ( Fig. 2 D). The “skele-
o n” o f t he ar m ature wa s develope d b ase d on the gen-
ral anato my o f th e specim ens while ma inta ining a
evel of simplicity to improve the usab ili ty o f the ar-

ature by users with a wide ran g e of t ec hnica l ski l ls.
he arm ature consi sted o f a series o f co nne cte d rig id
e omet ries (“bones”) that were attached to the mesh
f the 3D model using vertex weig hts, w hich were ap-
lie d b ase d o n the anato my o f th e specim en an d th e
 roximi ty o f each bo ne t o eac h vert ex of th e m es h. In
len der, bon es are simplifie d ge omet ries to facilitate
 ig ging and animating the armature rather than the ac-
ual bo nes o f th e specim en. Th e conn e cte d bones were
h en m odified wi th co nt rol lers usin g inv erse-kinematic
o ne co nst raints, a l lowing one to re const ruct th e kin e-
at ics (“mot ion s”) that w ou ld posit ion an art icu late d

 ke let on int o a tar g et p ose (e.g. fo ot in co ntact wi th
round). 

The resu lt ing armature a l lowe d more rea list ic con-
rol of the bones through Blender’s posing tools than
 basic f orwa rd-kin ematic m ode l w ould hav e ena bled.
ddi tio nally, th e 3D m es h conn ect ed t o and sur-

oun ding th e 3D armature a l lowe d for better detec-
io n o f th e plausi ble rotatio ns o f each jo int by giv-
ng the user fe e db ack on where limb and b o dy in-
 er se ct ions may occur when certain rat iona l va lues
ere inputted (i.e. to avo id collisio ns between ipsi-

ateral forelimbs and hindlimbs). At this s ta ge, the
D m es h an d armatur e wer e sca le d to refle ct the to-
 al lengt h o f specimen US NM 34215 (64 cm). Af-
erwards, we sca le d th e m ode l to reflect th e to-
 al lengt h of an e arly digit-be ar ing tetrap o d (total
ength: 1.2 m, SVL: 0.8 m). The coordinat e syst em
as set to a sta nda rd X YZ Eu ler rotat ion mode.
he static 3D mesh is available on S ket c hFab for
eneral use ( ht t ps://skfb.ly/oIWro ) and version con-
 rol le d in our GitHub reposi to ry ( ht t ps://gi thub.co m/
o hnsonLM/b lender-tetrap o d-to olkit/ ). 

The dig ita l ly re const ructe d m es h ( Fig. 2 ) was ini-
 ia l ly animate d using r efer ence vide os col le cte d from
ive A. jap oni cus at th e NZCB I an d th en m odified as
e e de d with publishe d va l ues o f wa l k ing k inematics

n Dica m pt odo n t eneb ros us and Taricha t o rosa . These
pecies were chosen because Dica m pt odo n is made up
 f so me o f the lar g est sala ma n ders studied wh ose kin e-

https://skfb.ly/oIWro
https://github.com/JohnsonLM/blender-tetrapod-toolkit/
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ma tic da ta a re ava ilable a nd T. t o rosa is one of the
few species of semi-aquat ic sa la ma n ders wh ose kin e-
m atics h ave be en quant ifie d during un derwater an d
ter restr ial walking ( Ashley-Ross 1994b , 1994a ; Ashley-
Ross and Bec ht el 2004 ). We could not rely solely on
kinema tic da t a from t he GoPro videos of t h e NZCB I’s
live A. jap oni cus bec ause env ironment al enr ichment in
th eir en closur es pr evented us fr om r ecor din g con sis-
ten tly straigh t wa l king bou ts. W hile ther e ar e likely to
b e differences b etween these sp ecies, i t p r ovides a r ea-
sona ble startin g point of comparison to g round-t ruth
our da ta. F or instan ce, our Andri as m ode l exhi b i ts sim-
ila r ga it patterns as Dica m pto d on an d Tari cha. Limbs
within a diago nal cou plet (e.g. left fo re limb an d right
hindlimb) wer e pr ogrammed to move roughly in ph a se
wit h e ach ot h er in our Andri as m ode l an d ou t o f ph a se
wit h t he o p posi te diago nal cou plet to p rod uce a trot-
li ke wa l k wi th a d u ty facto r o f ∼52%, which is co mpa-
rable to 56–57% dur ing ter restr ial walking in D. tene-
b ros us an d interm edi ate bet ween the 41% during un-
derwater wa l king and 77% dur ing ter restr ial walking
of T. t o rosa ( Bennet t et a l. 2001 ; Ash ley-Ross et a l.
2009 ). 

We also verified that our Andrias model had a re-
a list ic st r ide lengt h and str ide frequency. Small v irtu al
trac ker s were placed onto the armature bones in the
m ode l’s f eet a nd u sed a s r efer ence points to a ssi st in
me asur ing str ide lengt h. Str ide lengt h was measured
by fin ding th e po int o f the ini t ia l foot fa l l of t he lef t
hin dlimb, mar ked by the v irtu al track er, a n d th en play-
ing the animation unt i l th e n ext foot fa l l . S ingle mea-
s urements of s tr ide lengt h were co nd ucted wi t h t he
Blender add-on “Measur e-It,” which pr ovides mor e ac-
curate m easurem ents comp are d to the base “Measure”
t ool . These t ool s mu st be re applied for e ach frame of
m ovem ent, h ow ev er, so w e created a Tetrap o d To olkit
in Blender that can be used to au to mat ica l ly measure
lengt h and rot at iona l chan g es o f bo nes across mul ti ple
f rames. Stride f requency was c alcul ated as the inverse of
the number of frames per stride mul ti plied by the frame
rate of the animation (30 frames/s). 

The str ide lengt h o f our digi tal Andri as m ode l was
comparable to other slo w-mo v ing sal a ma nders. The
relat ive st r ide lengt h is t he str ide lengt h divided by
SVL, and was 39.5% SVL in our m ode l . S imilarly,
th e re lat ive st r ide lengt h in s low-m oving in dividuals
was 47% in California tiger sala ma nders (Ambys t o ma
calif o rniense ), 54% in fire sala ma n ders ( Sal a ma ndra
sala ma ndra ), and as lo w as 20% in some plethodon-
t ids, a lt hough t he latter incl udes so me elo ngate species
( Edwards 1977 ). The relative stride len gth s of larval and
m etam orph osed Di ca m pto d on were 64.7 ± 6.7% and
65.6 ± 4.8% SVL, respe ct i vel y, while they were walking
at less than 0.5 SVL/s with stride frequencies of ∼0.57
strides/s and ∼0.66 st rides/s, respe ct i vel y ( Ashley-Ross
1994b ). Andri as jap oni cus h a s re lative ly s h ort limbs so
it i s rea son able to expect its relative str ide lengt h to
be s h o rter than species wi th re lative ly lon g er limbs.
The stride frequency of our Andrias model was 0.353
strides/s which is almost 50% slower than Dica m pt odo n,
mat c hin g g en eral prin ciples that lar g er anim al s tend
to have slower st ride fre quencies than sma l ler anima ls
( Heglun d an d Taylor 1988 ). 

Sprawling postures in digit-be ar ing tetrapods are
c haract erized by a diago nal cou plet gai t that are o f-
ten a lso accomp anie d by latera l ben ding of th e t run k
( As hley-Ross 1994a ). Th e animatio n o f each bo ne in
t he ar m ature wa s achieved by app l ying a fun ction m od-
ifier to the X-, Y-, and Z-axes under t he rot ation chan-
n e ls in Blen der t o reanimat e eac h joint t o a pproxima te
the r efer ence data fr om As hley-Ross an d Bec ht el (2004)
an d As hley-Ross (1994a) . To make it easier for users to
me asure t he rot at iona l and locat ion data a long the X-
, Y-, and Z-axes of the armature’s bones at each frame
of m ovem en t, we crea te d a Tet rap o d To olki t add-o n fo r
Blender th at i s available on our Gi tHub reposi to ry. The
animated m ode l is ava ilable on Sk etchfab ( ht t ps://skfb.
ly/oIWrn ) and versio n-co nt rol le d on our GitHub repos-
i to ry. In a l l, t he tot al amount of time spent on r ecr eating
t he s ala ma nder, as well as the a nimations, a mount ed t o
over 60 hours of wo rk bu t i t is expe cte d t hat t his would
be gre at ly re duce d in future re const ruct ions, g iven the
kn owledge gain ed from this process. 

Proof-of-concept: how lateral bending affects 
stride length 

Lateral bending of the t run k is co mmo n ly observe d
dur ing ter restr ial loco motio n in quadru p edal tetrap o ds,
an d gen era l ly increa ses organi sm a l spe e d ( Ritter 1992 ).
Organi sm a l spe e d can be increased by chan gin g their
st ride (a lso ca l le d “limb cyc le”) whic h is composed
of the stance ph a se (when the foot is in contact with
th e groun d) an d swing ph a se (wh en th e f oot is a ir-
bor ne). Str ide lengt h is t he dist ance t ravele d d uring o ne
stride (i .e . tw o con secutiv e footfalls of t he s a me f oot),
where as str ide frequency is t he number of str ides ob-
served per second ( McElroy and Rei l ly 2009 ). Although
limb length a ffec ts w h eth er stride length or stride fre-
quency is modified to increase organismal speed in
lizar ds ( McElr oy and Rei l ly 2009 ), sa la ma nders gen-
era l ly incre ase t heir str ide lengt h by incre asing lat-
eral bending of their t run k ( Ash ley-Ross 1994b , 1994a ;
As hley-Ross an d Bec ht e l 2004 ). But, th ere may be a
limit. Ex cessiv e lateral bending can increase in sta bil-
ity at higher magnitudes which would decrease f orwa rd
m ovem ent ( Edwards 1977 ); how ev er, this can be diffi-

https://skfb.ly/oIWrn
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ult to observe in live anim al s wi thou t ind ucing an es-
ap e resp onse. 

Th e con cept tha t la teral ben ding in cre ases str ide
ength h a s lo ng been p ro posed b u t difficul t t o mec h-
nist ica l ly test in vivo ( S nyder 1952 ; Ritt er 1992 ;
shley-Ross 1994a ). Turtles are useful to test this hy-
 othesis b ecause their vertebrae are fused to the in-
er part of their carapace (upper shell) so chan g es in

h eir locom otor per for m ance mu st be accompli s h ed
it h t heir limbs, eit her by incr easing gir dle r otations
r by limb prot ract ion ( Schmidt et al. 2016 ; Mayerl et
l. 2019 ; Vega an d As hley-R oss 2021 ). R ecent ly, t he ef-
ects of reduced lateral bending on the wa l k ing k ine-

atics of tiger sala ma nders ( A. t igri nu m ) wer e t est ed
y “turtling” indiv idu als w ith flexible or rigid tubes sur-
oun ding th eir t run k an d th en compar ing t h eir kin e-

atics to a cont rol g rou p o f individ uals wi thou t tubes
 Vega and Ashley-Ros s 2021 ). Des p i te th e tu bes fu l ly
r p art ia l ly rest rict ing latera l bending in indiv idu als
it h r igid an d flexi ble tu b es, resp e ct i vel y, ther e wer e
 o differen ces in limb kin ematics across th e exper-

m ental an d cont rol g roups. Inst ead , rest rict ing lat-
ral bending of the t run k cause d indiv idu als to l at-
ra l ly ben d th eir t ails t hat are nor ma l ly h e ld straight
nd dragged during wa l king ( Vega and Ashley-Ross
021 ). How ev er, the added m a ss of th e tu bes might have
 ffe cte d th eir locom oto r perfo rman ce sin ce wa l king
pe e ds were slower in the experimental groups. By test-
ng this hypothesis with our 3D Andrias model , user s
an remove ext rane ous var iables t hat could affect their
esults. 

To enable users to examine the relatio nshi p between
ateral ben ding an d str ide lengt h in a s ala ma nder, we
reate d an on line tu to rial using our 3D m ode l , B lender
le, and Tet rap o d To olki t Add-o n that a re ava ilable on
ur GitHub repository. The amplitude of lateral bend-

n g alon g the t run k was prog ramme d as a sin e fun c-
io n wi t h modifier f un ctions in Blen der th at wa s ap-
lied t o eac h rotat iona l axis of interest ( Fig. 3 ). The
mplitude was then adjusted to generate three mod-
 ls with n o lateral ben ding (0 

◦), moderate lateral bend-
ng (22.03 

◦), and ext reme latera l bending (59.97 

◦). The
 ode l with m odera te la teral bending depicts the most

iolog ica l ly rea list ic re const ruct ion of a diagonal cou-
let sala ma n der of th e three m ode ls, an d wa s ba sed
n m easurem ents of th e ant erior–post erior t run k angle
rom Dica m pto d on , which osci l lates from –40 

◦ to + 20 

◦

 As hley-Ross 1994a ). We th en comp are d the o utp ut
rom these models t o validat e that lateral bending in-
re ases str ide lengt h wh en m oderat e , but decreases
tr ide lengt h when ex cessiv e. 

Our co mpu tatio n al an alysi s of A. jap oni cus validates
 cou ple o f loco moto r p rinci ples abou t str ide lengt h,
t ride fre quency, organi sm a l spe e d , and lat eral bending
 Table 1 ). Comp are d to th e m ode l with n o lateral ben d-
n g, stride len gth chan g es by + 1.16% w ith moderate l at-
ral ben ding an d –13.93% with extrem e lateral ben ding.
nver se c ha nges a re observed f or st ride fre quency, a l-
ei t not p ropo rtio nal to the chan g es for stride length.
sing lateral bending results in the stride frequency

han gin g by –5.89% when moderate and + 2.56% when
xtr eme. Measur es of organi sm a l spe e d fol lowe d sim-
 lar p atterns as st r ide lengt h, whereby t h e m ode l with
 m oderate am ount of lateral bending was faster than
h e m ode ls with n o lateral ben ding or extrem e lateral
ending by + 5.26% and + 17.65%, respe ct i vel y. Play-

ng the animation in our Blender file a l lows users to
 isu alize the consequences of these differences on lo-
o moto r perfo rmance over s e vera l st rides. Th e m ode ls
ith no lateral ben ding an d m odera te la teral bending
ere init ia l ly prog ramme d to m ove at th e sam e spe e d,

o the difference in organi sm a l spe e d during our sim-
 lat ion was due to the increased str ide lengt h associ-
te d with g rea ter la teral ben ding. Th e f orwa rd spe e d
f the model with extreme lateral bending was init ia l ly
 he s ame as the other two models but had to be manu-
 l ly re duce d be cause the limbs cou ld no lon g er keep up
it h t he b o dy, causing th e m ode l to t ransit ion to un-
 ulato ry loco motio n at faster spe e d s a s h a s b een do c-
mented in other studies of sala ma nder loco motio n
 Evan s 1946 ). Ov era l l, t hese cor rob orate exp e ctat ions
ha t la t eral bending t ends t o incre ase str ide lengt h and
rgani sm a l spe e d bu t o nly to a limi t. 
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Table 1 Relationships between amount of lateral bending, stride length, and stride frequency. 

Lateral bending 
Stride length 

(m) 
Stride length (% 

SVL) 

Stride 
frequency 
(strides/s) Speed (m/s) 

None 0 .313 39 .13 0 .375 0 .057 

Moderate 0 .316 39 .50 0 .353 0 .060 

Extreme 0 .209 26 .13 0 .385 0 .051 
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Discussion 

Expanding computational analyses of 
locomotion in different environments and taxa 

We created a static a nd a n a nimated 3D m ode l of
an ad ul t Jap anese g iant sa la ma nder ( Fig. 2 ) b ase d on
preserve d spe cim ens from th e Smi thso nian NMNH
an d live specim ens from th e Smi thso nian NZCB I. Th e
anim ation wa s created u sing a cu sto mizable Pytho n
script, which a l lows user s t o modulat e ba sic kinem atic
pa ra met er s, suc h as str ide lengt h and str ide frequency,
and even co ntribu te addi tio n al an alyses to expand the
ut i lity of this pipe lin e to a broader ran g e of u se-ca ses.
Wit h t his code and the 3D model, one c an evalu ate
how chan gin g ot her str ide pa ra met er s a ffects locomo-
tor kinematics (e.g . pelv ic rotatio n, lo ng-axis rotatio n o f
the f emur)—a nd vice ver sa—t o identify un der lying lo-
co moto r patterns in a sprawling qu adruped al tetrap o d,
which wi l l b e the fo cu s of a subsequent m anu script by
our team. 

A rea son able question is h ow th e m eth ods an d ap-
p roach laid ou t in this paper p rovide an u pgrade over
mo re co mmo n ly use d te chniques such as stick figure
sim ula tions. “Sim ple” m ode l s, such a s stick figur es, ar e
valuab le too ls in co mpu tatio nal b iology becaus e the y
can be bro ad l y app lied to a va riety of a nim al s, allow
user s t o indiv idu a l ly isolate and systemat ica l ly manip-
u late p a ra meters, a nd simplify a n alyses ( A nderson et
al. 2020 ). How ev er, the trade-off is that s e veral as s ump-
tio ns must o ft en be made t o red uce co mplexi ty th at m ay
not be biolog ica l ly rea list ic. Simple m ode l s m ay be u sed
as excellent starting points in com para tive studies to ex-
amin e h ow addi tio nal features might a ffect the ou tco me
of the model. Comp are d to stick figure m ode ls, our ap-
p roach inco rpo ra tes an accura te 3D m es h of a live an-
im al th at a l lows user s t o t est mo re b iolog ica l ly rea lis-
tic hyp otheses. Imp ortantly, m ost m eth ods in locomo-
tor an alysi s are vi sual in nature. We argue that the abil-
ity to visualize a lif elik e exterior sca n of a sala ma nder
using different limb and joint mov ements durin g differ-
en t gaits im prov es the a bility of le ar ner s t o under stand
loco motio n, pa rticula rly f o r novices o r members o f the
gen eral pu blic wh o often ben efit from having computa-
t iona l m ode ls that are less abstract and more relatable. 
 

The current i teratio n o f our m ode l is inten ded to be
a starting po int, wi th a my ri ad of possibi lit ies to con-
struct more complex m ode ls to suit th e n e e ds of users.
As with OpenSim, the p i peline laid out here also al-
lows more inten siv e m ode ling o f loco motio n, such as
adding mo re bo nes o r jo in ts, m u scles, or other an atom-
ical features. In the fu ture, o ne ca n tak e accurate a nd
elabo rate co mpu t ed t omogra phy (CT) scans tha t are
readi ly avai l able on pl atforms such as Morphosource
or S ket c hfab a nd build a n a rm ature ba sed on the ac-
tual s ke letal e lem ents of th e anima l to eva luate wh eth er
th e in creased co mplexi ty s h eds n ew light on its loco-
mot ion. We a l so note th at o ne o f the p rimary bene-
fits to this pr ocedur e is the ability to m ode l locom o-
tio n o n a b roader ran g e of anim al s, a s it i s n ow possi ble
t o get accurat e 3D surface sca ns of a nim al s (e.g. r hin o,
ht t ps://s kfb.ly/6QTJX), an d th en insert a dig ita l r ig t hat
mimics that indiv idu a l’s anatomy. O ur pipe lin e a l lows
user s t o b uild 3D pho tog rammet ry models of living an-
im al s, providing the o p p ortunity to mo del anim al s th at
are t radit iona l ly difficu lt to gain access to or study in
c aptiv it y. Furt her, t he growing stab ili ty and po p ul arit y
of Blender as a well-su ppo rt ed , co mmuni ty-driven, and
o pen-access reso urce speaks to the value of this process
and its lon g ev it y. 

In this r egar d, o ur ap proach is n ot m eant to be a re-
placem ent for oth er so ftware sui tes fo r ter restr ial loco-
mot ion (e.g. O penSim) or fluid dynamics (e.g. Open-
FOAM), but rather an a lternat ive for users who seek
a “Jack-o f-All-Trades” so f tware t h at i s ea sier to adapt
as th eir n e e ds chan g e. Ot her sof twar e suites ar e of-
t en restrict ed t o locomot or analyses on ter ra fir ma so
u sers mu st swit c h t o ot her sof twa re f o r co mpu tatio nal
fluid dynamics (CFD), but Blender h a s the o p tion to in-
co rpo rate CFD directly into i ts enviro nment through
custo mized rou tines, such as BlenderFOAM ( ht t ps:
//gi thub.co m/n ath anrooy/B lenderFOAM ). B lender is
known fo r i ts 3D renderin g capa b ili ties and h a s been
use d by biolog ists to re const ruct the wa l king gai t o f an
extinct arachnid ( Garwo o d and D un lop 2014 ), and es-
timate the muscle strain and maximum gape of two ex-
ta nt a rc hosaur s ( Alli gat o r mis s is s i pp iens is , But eo b ut eo )
and thre e ext inct arc hosaur s ( T. rex, Allo sa urus fra g-
il is , and Erl ikosau rus and r ewsi ; La ut ensc hlager 2015 ).

https://skfb.ly/6QTJX
https://github.com/nathanrooy/BlenderFOAM
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 hile other so ftware sui tes already hav e w o rkflows fo r
im ula ting motion in huma ns a nd a subset of digit-
e ar ing t etrapods, B lender could have a lower bar r ier
o en try tha t could foster the develop ment o f a mo re
i verse co l le ct io n o f digi tal anim al s to study patterns
 f loco moto r p rinci ples acr oss taxa and envir onmental
o ndi tio ns. 

In addi tio n, B lender is a ver sat i le sof tware t hat can be
ca le d up to complex 3D m ode ling proj e cts by import-
ng custo m co mpu ter scri pts as “add-o ns ” to increase
he cap abi lit ies of the s oftware e ven further, in a sim-
lar way that R and Python packages can be imported
o incre ase t he ran g e of tools available. One such ex-
mple is “My og enerat or,” whic h a l lows user s t o int er-
cti vel y overlay 3D models of muscles over bones in
rder to estimate the p hysio log ica l cross-se ct iona l area
 f individ ual muscles, b i te fo rce o f a sku l l, and lines
 f actio n fo r muscle uni ts ( Herbst et al . 2022 ). B lender
an creat e , modify, an d animate 3D m es h es which en-
bles user s t o app l y r etr odefo rmatio n t ec hniques that
 an fix d amaged b ones b efore they col le ct dat a from t he
D m ode ls ( Herbst et al . 2022 ). As di scu ssed in Bot and
r sc hic k (2019) , one can import indiv idu al 2D images
o improve the level of detail for an existing 3D m ode l,
hich is a n importa nt tool for en surin g accuracy. The

b ili ty to create and package custom scripts that build
 po n an already power f ul set of versat i le tools to create,
culpt, animat e , a nd a n alyze 3D model s wi th o nly o ne
o ftware sui te o ffers p ro mising o p po rtuni ties to explo re
 ew h o rizo ns in v isu alizing and study ing animal loco-
otion. 

esting long-standing hypotheses about the 

ater-to-land transition 

he p rimary val ue o f this wo rk is p roviding a tool fo r
anipu lat ing b asic gait p aramet er s in a lar g e, aquatic

etrap o d with a sprawling limb posture to explore
or m–f un ction re lations hips in a modern analog for
 arly digit-be ar ing tetrap o ds ( Fig . 3 ). A lt hough e arly
igit-be ar ing tetrap o ds are proposed to have used a
ala ma nder-lik e walk on lan d, th e a pplica tio n o f 3D
mag ing te chniques indicates that this gait was not pos-
ible in what is cur rent ly t he e arlies t s t em t etrap o d
o use ter restr ial loco motio n. 3D reco nstructio ns o f
 he D evo nian digi t-be ar ing tetrap o d, Ichthyos t ega , in-
ica ted tha t i t had limi ted mob ili ty in i ts s h oulders
nd hips that pre clude d it from using a lateral se-
uence, diago nal cou plet wa l k th at i s typ ified in sp rawl-

ng qu adruped al tetrap o ds ( Pierce et al. 2012 , 2013 ).
chthyos t ega also co uld no t laterally bend its trunk due
o ribs with ov erlappin g processes that formed a “rigid
rmo r ” around the b o dy c av it y ( Jarv i k 1996 ; C lack
005 ). Mo reover, i ts hindlimbs had limited long-axis
o tation abo ut the hips comp are d to extant tetrap o ds
e.g . sal a ma nder, cro co dile, pl at yp us, seal, and o tter)
ha t preven te d its fe et fro m co nt acting t h e su bstrate
n d gen erating pro p ulsion on land. G iv en t hese fe a-
 ures, Ichthyos t ega li kely use d synchronous movements
 f i ts fo re limbs to drag th e posterio r half o f i ts b o dy
hich was h e ld st raight or flexe d dorsovent ra l ly in a

crut c hing” gait on land that is cur rent l y onl y docu-
 ented in th e ter restr ial loco motio n o f mudski pper

s h es ( Pierce et al. 2012 , 2013 ). 
The di scovery th at ther e wer e at least two gaits that

 arly digit-be ar ing tetrap o d s m ay h ave u sed dur ing t he
nit ia l s ta g es of ev o l ving ter restr ial loco motio n opens
 r uit fu l o p portunities t o t est hyp otheses ab out th e kin e-

a tic fea tures tha t were ne e de d f or effe ct i vel y moving
n land at a time when the muscu loskeleta l system of
t em t etrap o d s h ad evo l ve d in aquat ic enviro nments fo r
lmost 375 million ye ars. Specifically, t hree main hy-
ot heses t hat could be t est ed using our 3D m ode l of
ndri as in cl ude: (1) limi ted ab ili ty to p rotract the limbs
i l l de crease st r ide lengt h, (2) incre asing t he rot ation
f the shoulder or hip g ird les wi l l increase st r ide lengt h,
n d (3) in cre asing t he organi sm a l spe e d of the anima l
i l l increase the co ntribu tio ns o f girdle rotations to-
ar ds pr o p u lsion whi le de creasing cont ribut ions from

imb ret ract io n and lo ng-axis rotatio n o f the limbs. Fu-
ure manipu lat ions of our m ode l could possi b l y test
 hese ide as. 

Pr ior rese arc her s h ave di scu ssed th e re la tive con tri-
u tio ns o f femur ret ract io n, lo ng-axis rotatio n o f the
 emur, a n d pe lvic rotatio n fo r p rop elling lo co motio n
n sprawling tetrap o d s such a s salam an ders an d lizards
 Rei l ly and Delancey 1997 ; Jayne and Ir sc hic k 1999 ;
ei l ly et a l. 2006 ). In ter restr ial s ala ma nders, pro p ul-

io n is su pplie d 56–62% by femur ret ract ion, 26–28%
y lo ng-axis rotatio n o f the femur about the hip, and
0–18% by rotation of the pelvic g ird le (hips). As wa l k-
ng spe e d incre ases, t he contr ibu tio ns o f femur retrac-
io n and lo ng-axis rotatio n de crease whi le g ird le ro-
 ation incre a ses ( Edward s 1977 ). How ev er, studies on
 mphibia ns a nd liza rd s h ave t radit iona l ly on ly focuse d
n the hindlimbs since they are the primary pro p ul-
 ors in thes e taxa bu t fo re limbs exhi b i t different loco-
 otor kin ematics an d can contri but e t owar ds pr o p ul-

io n, p resumab l y to offset the counteract ive effe cts of
ai l drag ( Wi l ley et a l. 2004 ; Kawano et a l. 2016 ). Ma-
ipu lat ing and quantifying the relative co ntribu tio ns
f t hese var iables is tr icky, t hough, as t heir incidence
ay va ry a mong species, a mo ng enviro nment co ntexts

e.g. uphi l l and down hi l l running), and with spe e d.
he use of 3D models, sim ula tio ns, and co mpu ter an-

m ation tool s am e liorate som e of these is s ues by en-
 blin g users to co nd uct experiments in cont rol le d en-
ironm ents an d test hypoth eses abou t fo r m–f unction
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re lations hips that would be cha l leng ing to co nd uct
in vivo . 

Using our m ode l, on e can imp ose sp ecific lo co moto r
scen arios, such a s inducin g a lar g e am ount of pe lvic ro-
tatio n wi th no long-axis rotatio n o f the femur to system-
at ica l ly test the co ntribu tio ns o f each pa ra m eter on th e
metric of locomotor per for mance (e.g. str ide lengt h and
wa l king spe e d). Users cou ld a lso examin e wh eth er it is
possible for a salamander to effe ct i vel y move on land
with a mudskipper-like crut c hing gait or restrict girdle
rota tions to quan tify the magnitude to which it reduces
wa l king spe e d, a l lowing one to mech ani s tically tes t the
t hree main hypot hes es des cr ibed e a rlier rega rding the
evol u tio n o f ter restr ial loco motio n in stem tetrap o ds.
B y providin g an accurate 3D m ode l of a g iant sa la ma n-
der that can be manipu late d in open-access software, we
hope to broaden en gag ement in the use of 3D compu-
tat iona l appro aches in research and e ducat ion. 

It i s al so possible to m anipulate th e dim en sion s of
musculos ke letal e lem en ts to mimic differen t m orph o-
log ica l t rai ts o f various species. In this r egar d , this t ool
cou ld be use d t o t est t he f unct iona l conse quences of
m orph olog ica l chan g es in limb bones observed in stem
tetrap o ds spanning the transi tio n fro m aquatic to ter-
rest ria l environments. In addition, soft tis s ue t ends t o
f urt her restr ict t he ran g e o f motio n and could be t est ed
i n sil i co by m ode ling m uscles on to th e 3D m ode l with
My og enerato r o r 3D geo metr ies t h at are ba sed on soft-
tis s ue recons tructio ns o f co nt rast-en hance d spe cimens
( Pierce et al . 2012 ; Herbst et al . 2022 ). Users could use
these cap abi lit ies to test the funct iona l role of the vent ra l
ridge , whic h is a p ro minen t fea ture found on t he humer i
of many Devonian st em t etrap o ds to presumab l y in-
cr ease ar ea for muscle attachment but then r egr essed
as taxa becam e m or e terr est ria l . User s could down lo ad
3D m es h es of the no n-digi t-be ar ing st em t etrap o d, Tik-
taalik ro se ae ( ht t ps://s hu binl ab.uchic ago.edu/r esear ch-
2-2/ ), an d th en m odify th e size of th e vent ra l ridge to ex-
amin e h ow it would a ffect m uscle a ttachmen t and, sub-
sequent ly, t he ran g e o f motio n abou t th e s h ou lder j oint,
a l l within the same Blender file. 

Addressing grand challenges in organismal 
biology 

“We mus t s timulat e, en c oura ge, a nd tra in t oo lm ak ers
who provi d e us with th e n ov el appro a ch es to th e study of
o rganis ms that wi l l open future ho rizo ns.”—Schwenk et
al. (2009) 

On e of th e prima ry a ims of the “Co mpu tatio nal and
physical m ode ls in r esear c h and t eac hing t o explore
for m–f un ction re lations hips” sym posium a t the 2024
n ation al meeting of the Society for In tegra tive and
Com para tiv e B iology is to p ro m ote th e use of m ode l-
b ase d appro aches acr oss a br o ader scient ific commu-
nity, which we address by developing r esour ces that
are accessible to students and non-spe cia lists. The uni-
fication an d accessi bility of tools, data, an d oth er re-
sources have been rat e-limiting st eps for not only ad-
van cing scien ce ( Mykles et a l. 2010 ) but a l so a m a-
j or b ar r ier to entry for ho b byis ts or s tudents. In this
v ein, our w o rk co m plemen ts and adds to existing
on line datab a ses th at p ro m ote accessi b ili ty, incl usio n,
and equity in science by making 3D data of natural
his tory s pe cimens bro ad ly avai lable and open-access.
Lar g e 3D data ba ses such a s Morphosource ( w w w.
Mo rphosource.o rg ) and the Dig ita l Lif e P roj e ct ( w w w.
dig ita l life3D.org ) provide free 3D m ode l s of anim al s or
anima l st ructures ( Boyer et a l . 2016 ; Bot and Ir sc hic k
2019 ; Ir sc hic k et al . 2022 ). The val ue o f these o nline
d atabases c an be seen in t heir us age. The Digit al L ife
Proj e ct app lies p h otogramm etry an d co mpu ter anima-
tion t o creat e accurat e dig ita l cop ies o f anim al s, with
colors and movements that often cannot be preserved
in natural history col le ct ions ( Bot and Ir sc hic k 2019 ).
In the past eight years, the Dig ita l Life Proj e ct h a s gen-
erated over 100 3D m ode l s th at h ave be en down lo ade d
over 197,000 times (with over 8K users) from Sketch-
Fab ( ht t ps://sket c hfab.co m/Digi t alL ife3D ). Moreover,
OpenVert ebrat e (oVert) ( ht t ps://w w w.floridamuseum.
ufl.edu/overt/ ) h a s g enerated ov er 30,000 dig ita l files
acr oss mor e t han 13K specimens t h at h ave been down-
lo ade d over 100K times ( B lac kburn et al. 2024 ). 

As m eth ods to col le ct natura l hi story data h ave be-
com e m ore accessi ble, th e t radit iona l p ersp e ct ive of
each specimen as a physical object h a s been trans-
formed to a mo re co n tem po rary view o f rep resenting
a mu lt idimensiona l datab ase . The “ext ende d spe cimen”
was conceptua lize d t o maximize the pot ent ia l of spe c-
imens in natural history col le ct ions by integ rat ing in-
fo rmatio n that sp anne d mu lt iple sca les includin g “g e-
n etic, ph en otypic, be havioral, an d environm en tal da ta,
a s well a s biot ic interact io n netwo rks and new mul-
t ime dia co mpo nents (e.g. 2D and 3D specimen im-
a ges, in situ field ima ges, videos of field conditions)”
( Len dem er et al. 2020 ). Althoug h w hole-b o dy CT scans
an d 3D m es h es of A. jap oni cus (Japan ese g iant sa la ma n-
ders) and A. davidianus (Chinese giant sala ma nders)
a re ava ilable o n Mo rphoSource.o rg, our 3D m ode l of
a Japanese giant sala ma nder adds accurate port raya ls
of t exture , color, an d locom otor be hav ior to prov ide an
“extende d spe cimen” ( Lendemer et al. 2020 ) that can be
used for a variety of purposes including r esear ch, educa-
tio n, co nservatio n m an agem ent, an d art. By co ntribu t-
ing to glob a l init iat ives t hat incre ase access to dig ita l
col le ct io ns o f n atural hi s tory s pecimen s, w e hope to fos-
ter innovative uses of our 3D model of A. japonicus that
maximize their societal impacts. 

https://shubinlab.uchicago.edu/research-2-2/
https://www.morphosource.org/
http://www.digitallife3D.org
https://sketchfab.com/DigitalLife3D
https://www.floridamuseum.ufl.edu/overt/
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quitable access to educational outcomes 

ne of the key advantages of dig ita l spe cimens, such
s our 3D Japanese giant sala ma n der, is m o re equi table
ccess to a wider audience, as travel to museums can
e time con sumin g and expen siv e. In fact, more than
0% of a l l down lo ads o n Mo rphosource.o rg occurred
f ter t h e COVID-19 pan demic esc al ated in March 2020
 B lac kburn et a l. 2024 ). Virtua l col le ct io ns o f natural
is tory s p ecimens are b e coming va luable r esour ces to
 ro mote equi table ed ucatio nal ou tco mes fo r students by
rov iding experienti al le ar ning o p po rtuni ties fo r o nline
ourses and students who cannot attend classes in per-
o n d ue to car etaking r espo nsib ili ties o r mob ili ty im-
 airments ( Sid lau ska s et al. 2021 ), as well as instruct or s
h o do n ot hav e an In sti tu tio n al A nim al Ca re a nd Use
o mmi ttee (IACUC) at their university that could en-

ble experiments on live vert ebrat e animals. 
In teractive 3D com puta t iona l m ode ls also h e lp stu-

ents develop tra nsf erable ski l l s in interdi sciplin ary col-
abo ratio n, in depen dent le ar ning, an d m etacog nit ive
e asoning t hat a lig n wit h t he co re co mpeten cies n e e de d
o imp rove b iolog ica l literacy in underg raduate e du-
 ation ( Americ an Associ atio n fo r th e Advan cem ent of
cien ce 2011 ). On e of th e silv er linin gs of the COVID-
9 pandemic is t hat t he lack of access to w et la bs mo-
 ivate d many instructors to develop innovative peda-
og ica l te chniques for students to glean tran sfera ble
ki l ls in co mpu tatio n al tool s th at are highly m a rk etable
n industry and the STEM wo rkfo rce ( McDo nald et
l. 2022 ). In fact, co mpu ter sim ula tions lead to higher
ains in students’ conceptual kn owledge an d p roced ural
now ledge w hile p ro moting cogni tive disso nance that
ost ered int ellectual growth ( S meta na a n d Be ll 2012 ).
 xperient ia l lea rning a nd studen t-cen tere d pe dagogy

m proves studen t en gag em ent an d academic perfor-
 ance ( A rmbru st er et al . 2009 ), a nd ma ny me dica l stu-

ents report that interactive 3D digital m ode ls were
ore effe ct ive at le ar ning a natomy a n d led to high er

est scores comp are d to stat ic 2D im ages ( Triepel s et al.
020 ). 

oncluding remarks 

if elik e 3D models r epr esent a power f ul tool for
ett er under standin g or gani sm al b o dy shap e, lo co-
 otion, an d ecology, an d provide n e w res ources

o r co nservatio n and ed ucatio n. Our o pen-so urce
n d open-access wor kflow f or a 3D Japa nese gi-
 nt sala ma nder enables lea rner s t o easi ly p art ici-
ate in discov ery-driv en and hypothesis-driven sci-
nce ( Mykles et a l. 2010 ). O ur appro ach a lso bui lds
n inf rastr ucture th at en ables interdi sciplin a ry tra in-
n g and colla borativ e o p po rtuni ties fo r a wide-ran g e
 f disci plines, fro m art ists to p a le ontolog ists to e du-
at ion spe cia lists at no n-p ro fit o rganizatio ns. As the
D m ode ls an d data generated from our software
rotocol and other co mpu tatio nal wo rkflows co n-
 inue to g row, we ant icip ate a sur g e in interdisci-
linary synt heses t hat p rovide mo re co mp re h en siv e
escri ptio ns o f th e m ech ani stic links th at determine
 eneraliza ble p rinci ples in o rgani sm a l biology ( Padi l la
t al. 2014 ). 
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Data availability 

The data underlying this a rticle a re ava ilable in S ket c h-
fab col le ct io ns fo r the Digi t al L if e P roj e ct: https://sket
chfab.com/Dig italLife3D/ . O ur 3D m ode ls of A. jap on-
icus are free for non-profit uses, and available as a static
m es h or texturize d animat ion. O ur 3D m ode ls, Blen der
add-on, example Blender files, and tu to rial are available
a t h ttps://github.co m/Johnso nLM/blender- tetrapod- to
olkit . Raw cop ies o f digi t al images, and ot her digit al files
used t o creat e th e final 3D m ode ls wi l l be uplo ade d to
our GitHub repository. 
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