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Synopsis Musculos ke letal sim ula tio ns can p rovide insigh ts in to th e un der lying m ech ani sms th at g ov ern anima l locomot ion.
In this study, we descri be th e deve lopm ent of a ne w mus cu loskeleta l model of the hor se , and t o our knowledge present the first
fu l l y muscle-dri ven, pre dict ive simu lat io ns o f equine loco motio n. Our goal was to sim ula te a m ode l tha t ca ptures only the gross
musculos ke letal structure of a hor se , w ithout speci alized m orph olog ica l fe atures. We most ly present simu lat ions acquire d using
fe e dfo rward co ntrol, wi thou t state fe e db ack (“top-down co ntrol”). Wi thou t using kinematics or motion capture data as an input,
w e hav e sim ula ted a variety of gaits that are co mmo n ly use d by horses (wa l k, p ace, t rot, tölt, and co l le cte d ga l lop). We a lso found
a sele ct io n o f gai ts that are n ot n orma l ly se en in horses (ha lf bound , ext ende d ga l lop, ambling). D ue t o the c linical re levan ce
of the trot, we performed a tracking sim ula tion tha t included empirica l j oint angle dev i ations in the cost function. To further
dem onstrate th e flexi bility of our m ode l, we als o pres en t a sim ula tion acquired using spina l fe e db ack cont r ol, wher e muscle
cont rol sig na ls are whol ly determine d by gai t kinematics. Desp i te simplificatio ns to the muscu lature, simu late d foot fa l ls and
gr ound r eactio n fo rces fol lowe d empirica l p atter ns. In t he t racking simu lat ion, kinemat ics improve d with respect to the fu l ly
pre dict ive simu lat ions, and muscle act ivat ions s h owed a rea son able co rrespo n den ce to e le ct romyog raphic sig na ls, a lthough we
did not predict a ny a nt icip ato ry firing o f muscles. W hen se quent ia l ly incre asing t he t ar g et spe e d, our simu lat io ns spo ntan eous ly
pre dicte d wa l k-to-run t ransit ions at the empirica l ly determine d spe e d. How ev er, pre dicte d st r ide lengt hs were too s h ort over
n ear ly th e entire speed ran g e unless exp licitl y prescribed in the cont rol ler, and we a lso did not re cover spontane ous t ransit ions
to asymmetric gaits such as ga l loping. Ta ken togeth er, our m ode l per for me d ade quately when sim ula ting indiv idu al gai ts, bu t
our sim ula tio n wo r kflow was n ot able to capture a l l aspe cts o f gai t sele ct io n. We po int ou t certain aspects o f our wo rkflow
th at m ay h ave cau sed thi s, including an a tomical sim plifica tions an d th e u se of m a s sles s Hi l l-t ype actu at or s. Our m ode l is an
ext ensible , genera lize d hor se model , wi th co n sidera ble scope for addin g anato mical co mplexi ty. This p roj e ct is intende d as a
starting point for con tin ual deve lopm ent of th e m ode l an d code th at we m ak e ava ila ble in exten sible o pen-so urce formats.

 

 

 

 

Introduction
L o co motio n in the horse ( Equu s feru s caballu s ) is a topic
th at h a s spa rk ed scien tific in terest for cen turies. A fas-
cinatio n fo r equine loco motio n insp ired th e deve lop-

A dvance A ccess publicat ion Ju ly 13, 2024 
C © Th e Auth or(s) 2024. Pu blis h ed by Oxford University Press on behalf of the
Access article dist ribute d under the terms of the Creative Co mmo ns Attribu t
per mits unrestr ict ed reuse , dist ribut ion, and r epr oduction in any medium, pr
ment of a precursor to cinema togra phy in 1878, en-
a blin g fu l l gai t cycles o f ga l lop ing ho r ses t o be captured
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nterest ing se quence o f anato mical chan g es, includ-
ng limb elo ngatio n and red uctio n in the number of
 oes, whic h are thought to reflect sele ct ive pres s ures
 n loco motio n ( McHo r se et al . 2019 ; Kaas h oe k et
l . 2023 ). Modern hor ses are notable f or ma ny mor-
 ho log ica l ada pta tions tha t enable low energy costs
nd high spe e ds ( Hoyt and Taylor 1981 ; Alexander
nd Jayes 1983 ; Hildebrand 1987 ). These include nu-
er ous structur es that stor e e lastic en ergy through-
ut the b o dy ( Dimery et al. 1986 ; van den Bogert et
l. 1988 ; B iew en er 1998 ; Min ett i et a l. 1999 ; Gel lman
 nd Bertra m 2002 ), lim b struct ures that can be seen
s lin kages ( Hi ldebran d 1987 ; Us h erwo o d 2022 ), run-
ing per for mance facilit ated by (cursorial) limb pro-
o rtio ns ( Alexa nder a nd Jayes 1983 ; Hildebra nd 1987 ),
nd high funct iona l spe cia lizat ion in muscu la r a rc hit ec-
ure ( B iew ener 1998 ; Wi lson et a l. 2001 ; Brown et a l.
003 ; Payne et al. 2005a , 2005b ).
Apar t f rom fun dam en tal insigh ts in to animal loco-
 otion, num er ous differ en t a pproaches have been used

 o c haract erize equin e locom ot ion for clinica l applica-
 ions. Kinemat ic asymmet ry in the upp er b o dy is often
uant ifie d to as ses s equin e lam en ess ( Serra Bragança et
l. 2018 ), an d th e pract ica lity of modern kinematic mea-
 urement sys tems h a s resu lte d in increase d po p ul arit y
f using such systems in clinical practice. How ev er,
inemat ics a lone do not provide insight into internal
tructures a nd f orces. These insights ca n be ga ined
hr ough dir ect measur ements, alt hough t hese t ypic a l ly
 equir e invasive (surg ica l) proce dures ( B iew ener et
 l. 1983 ; van We eren et al. 1992a ; Faber et al. 2000 ;
aussler et al. 2001 ). A noninvasive a lternat ive is to
o mb ine inverse app roaches wi th a mu lt ib o d y-d ynamic
 ode l of th e (musculo)s ke letal system (“musculos ke le-

al m ode l”). Mode l-b ase d inverse dy namics c an prov ide
nique insights into internal loads during locomotion
 van den Bogert and Sch amh ardt 1993 ; Wil son et
l. 2001 ; Bo b bert a nd Sa nta ma ría 2005 ; Swa nstrom
t al. 2005 ; Zarucco et al. 2006 ; Bo b bert et al. 2007 ;
ollock et al. 2008 ; Lim et al . 2015 ; Panagiot opoulou
t a l. 2016 ; Be cker et a l. 2019 ). How ev er, m ost m ode ls
hat included the m uscula ture have been of single
imbs wit h t he rest of t he b o d y highl y simp lified or
omp letel y omitt ed , a nd ca n theref ore not be used for
hole-b o dy m echanics. A n ota ble ex ception is Sta rk e
2009) , alt hough t heir model’s co mplexi ty p revented
im ula tio ns o f p erio dic gaits.
A drawback of inverse dynamic approaches is that

 hey of ten c annot prov ide insigh t in to why an animal
oves in a certain way. A s ucces sful inverse dynamic
im ula tio n o f a m ode l wi l l fol low th e m easured m ove-
 ents of th e animal n ear ly per fect ly, and is t hus lim-

t ed t o pot ent ia l ly idiosyncrat ic or p atholog ica l move-
 ents of th e anima l in quest ion. Furt her more , inver se
 nalyses ca n potent ia l ly obfuscate s h o rtco mings in the
 ode l, depen ding on the r esear ch question and simula-

io n app roach ( Modenese et al . 2013 ). Thus, inver se dy-
amics mostly p recl ude invest igat ions into why an ani-
 al i s moving in th at m ann er in th e fir st place .
Insigh ts in to gait sele ct ion can be acquire d with
re dict ive simu lat ions—dynamic simu lat ions where (a
ubset of) the joint motions are generated from first
 rinci ples, wi thou t using kinematic or motion cap-
ure data as an input. Such simu lat ion s ena ble v irtu al
xper iment at ion—simu lat io ns o f hypothet ica l chan g es
o th e musculos ke letal system, providin g in sigh ts tha t
annot be acquired using physical experiments or in-
erse dynamics ( van den Bogert and Sch amh ardt 1993 ;
an Soest and Bo b bert 1993 ; van Soest and Ca siu s 2000 ;
wanst rom et a l . 2005 ; Geijt enbe ek et a l. 2013 ; Sel lers
t al. 2013 ; Bis h op et al. 2021 ; van Bijlert et al. 2021 ,
024 ; Bianco et al. 2023 ). When actuating the model
ith muscles, m ovem ents are t ypic a l ly acquire d using
 eth od s ba sed on o p timali ty p rinci ples: thro ugh o p ti-
izat ion, neura l inputs for the muscles are found that
esult in locomot ion, whi le spe cific high-level obj e c-
ives such as energetic expenditure or muscle activa-
 ions are minimize d ( Ack erma nn a nd va n den Bogert
010 ; Sr inivas an 2011 ; Geij ten be ek et a l. 2013 ; Fa lisse et
l. 2019 ). How ev er, predictiv e sim ula tio n o f loco motio n
 s ch a l leng ing, be cause bot h t h e m ode led a natomy a nd
he o p t imize d cont rol sig na ls must be sufficiently accu-
ate in order to p rod uce rea list ic or meaning fu l simu la-
ions.
In a p io neerin g study, van den Bog ert et al. (1989)
resent ed t orque-driven sim ula tio ns o f po nies. This
 ode l was later extended to include distal muscles and

iga ments ( va n den Bogert 1989 ; van den Bogert and
ch amh ard t 1993 ). Al t hough t hese sim ula tion s w ere
ot fu l ly pre dict ive, be caus e s o me o f the jo ints were
ont rol le d by prescribed kinematics, they r epr esent the
ost co mp rehen siv e a ttem pt a t holist ica l ly m ode ling
quin e locom otio n. Red uctio nist m ode ls of the horse
sed in predictive sim ula tion s hav e gre at ly incre ased
ur un derstan ding of equin e gait se le ct ion ( Herr and
cMahon 2000 ; Herr et al. 2002 ; Polet 2021 ), but to
ur knowledge , musc le-driven pre dict ive simu lat io ns o f
hole b o dy equine lo co motio n hav e nev er been pub-
is h ed . Suc h sim ula tions could h ave m any a pplica tions,
otent ia l ly providin g in sights on scaling effects in gait
ele ct io n and evol u tio n ( Herr et al . 2002 ; McHor se et
l. 2019 ), and could infor m veter inary dia gnos tics ( van
en Bogert a nd Scha mha rdt 1993 ). An interesting fun-
amen tal a pplica tion can be found by compar ing t he
ai ts o f different ho rse b re e ds: f or insta n ce, Ice lan dic
orses display a much b roader loco moto r reperto ire
ha n non-ga it ed hor se bre e ds ( Robi l liard et a l. 2007 ),
nd it h a s been s ugges ted tha t m uta tions in the genes



696 P. A. van Bijlert et al .

Forelimb

SCT (scapulothoracic)

Shoulder

Elbow

Wrist

Hindlimb

Hip

Knee

Ankle

MTP 
(metatarso-
phalangeal)

(A) (B)

(C)

x

y

0.5 m

Fig. 1. Overview of our model construction and simulation workflow. (A) Our model is based on a 3D (surface) scan of the skeleton. 
Model joint locations (large solid circles) are indicated. Named joints (white circles) are mobile, unnamed joints (gray circles) are 
immobilized for this study. The model has 5 contact spheres (small circles) per limb arranged in a horseshoe shape (only three per limb 
visible in this view, see Supplementary fig. S1 ). Center of mass locations (checkered circles) of the rigid bodies are indicated, the total body 
center of mass is enlarged for emphasis. Global axis directions are indicated with ar ro ws (global z -axis is oriented towards the reader). (B) 
Overall joint and muscle topology of the model. Joints are the same as in panel (A). Muscle lines of action (thick lines), are projected over 
the skeleton in this view, although some muscles are on the medial side of the bones (see panel C). (C) Example of a muscle-driven, 
pr edictiv e simulation of our horse model during galloping. Control inputs for the muscles are found through optimization, and the resulting 
degree of muscle activation is visualized by color intensity (inactive muscles are light gray, active muscles are dark red). Relative muscle 
v olumes ar e pr eserv ed in this visualization. 

 

 

 

 

 

that encode sp inal circui try un der l y this p h en om en on
( Andersson et al. 2012 ). Testing this and related neu-
rome chanica l phenomena ( Ijspe ert and Da ley 2023 )
wou ld re quire a com plex, m uscle-driven m ode l of the
horse that is suitable for different control approaches.

In this study, we describe th e deve lopm ent of a
n ew three-dim ension al (3D) mu sculos ke letal m ode l
of the hor se . To our knowledg e, w e present the first
fu l l y muscle-dri ven, pre dict ive 2D simu lat io ns o f ho rse
loco motio n ( Fig. 1 ). Because little work h a s been done
in this r egar d, the go a l of this study is to investigate
wh eth er equin e ga its a nd ga it tra nsi tio ns can be re-
covered wi thou t incl uding many o f the anato mical
intr icacies t hat horses are known for. This sets a base-
line that a l lows dire ct quant ificat io n o f mo re co mplex
h orse m ode ls in fu ture wo r k, an d also infor ms t he
expe cte d per for mance of such models in com para tive
zoolog ica l and p a le ontolog ica l studies, where detai le d
anatomic al d at a is eit her cha l leng ing to acquire or
unavai lable ( Sel lers et a l. 2013 ; van Bijlert et a l. 2021 ;
Bis h op et al. 2021 ). We have p rod uced gai t sim ula tions
w ith t wo differen t con t rol st rateg ies (1) using fe e d-
f orwa r d contr ol, wher e contr ol sign al s of the muscles
are o p t imize d in th e absen ce of state fe e db ack, and (2)
using fe e db ack cont r ol, wher e the contr ol sig na ls of
the muscles are determin ed wh o ll y by the kinematic
states in th e m ode l. Th e fe e dfo rward-co nt rol le d sim-
u lat ions are intende d to eva luate bot h t he physical
realism of the model during a variety of different gaits,
in cluding wh en t racking empirica l j oin t kinema tics,
and to evaluate the overa l l perf orma nce of this control
approach when modeling gait sele ct ion and t ransit ions.
The fe e db ack-cont rol le d simu lat ions are intended as a
p roo f o f p rinci ple: fe e db ack cont rol lers have different
m ode l r equir em ents, an d in this study, we inten d to
dem onstrate th e flexi b ili ty o f our m ode l.

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
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ethods
verview

e have const ructe d a muscu los ke letal m ode l of th e
orse ( E. ferus caballus ). The modeling and sim ula tion
 hilosop hy that guided this project was to go through
 stepwise addi tio n o f m ode l co mplexi ty. Thi s i s both
ract ica l, g iv en that few er m uscles and join ts sim plify
h e locom otor contr ol pr ocedur e, and a lso i l luminat ing,
ecause i t p rovides insigh t in to how differen t ana tom-
cal fea tures con tribut e t o ga it dyna mics. Thus, where
revious m ode ls have focused on the ana tomical in tri-
acies of the distal limb ( Riemersma et al. 1988 ; van den
ogert and Sch amh ar dt 1993 ; Swanstr om et al. 2005 ),
 e hav e employ ed a more “to p-down” ap proach, focus-
ng on whole-b o dy mechanics.
Th e s ke leton an d in ert ia l propert ies of our m ode l are

 ase d on the Dut c h Warmblo o d bre e d . Musc le data spe-
ific to this bre e d were not avai lable, an d th e literature
n equine myology in general is relati vel y incomp let e .
s such, we agg regate d muscles with simi lar act ions
nto funct iona l g r oups, r esu lt ing in 50 muscles in to-
 al. For t his study, our go a l was to explore e quine lo-
o motio n a nd ga it sele ct ion in a simplified m ode l, but
 e hav e con st ructe d th e m ode l wit h f u ture addi tio ns
 nd expa n sion s in min d. Th e m ode l h a s 21 jo ints, bu t
 e veral of these were immobi lize d for a l l the simula-
ions in this manuscript ( Fig. 1 A, gray circles). The ver-
io n o f th e m ode l we sim ula ted h a s thre e glob a l deg re es
f fre e dom, and up to four deg re es of fre e dom in each
imb. Thus, it is a 3D m ode l constrain ed to pla na r (2D)
 ovem ents, wi th u p to four hin g e joints per limb ( Fig.

 A, white circles). Most of the sim ula tion s w e present
ad 17 deg re es of fre e do m, wi t h t h e following m obile
o ints: hi p, knee, ankle, scap ulo thoracic (SCT), shoul-
er, e l bow, an d wrist ( Fig. 1 A). We also present sim-
 lat ions where we un locke d the met at a rsophala n g eal
MTP) join ts. These sim ula tions had 19 degrees of
re e dom. We never un locke d th e m etac arpophal an g eal
MCP) joints.
We u sed thi s m ode l fo r p re dict ive simu lat io ns o f

ait using both fe e dforward and fe e db ack-b ase d con-
r ol pr ocedur es. Using f eedf orwa r d contr ol we obtained
 variety of gaits for our m ode l over a wide ran g e of
pe e ds, and a lso p rod uced o ne sim ula tion where joint
inematics were trac ked . Using feedbac k control , we
 resent o ne acquired gai t to demo nstrate the flexib ili ty
f this m ode l. We comp are d our simu lat ions to empiri-
 al d ata fro m ho rses.

keletal geometry and inertial parameters

e 3D-scanned a mounted horse skeleton at the Faculty
f Vet erinary Medicine , Utrec ht Univer sity using an
rte c Le o surface scanner (art ec3d .com). Th e s ke leton
 ad no obviou s ab no rmali ties, an d n o f urt her det ails re-
ar ding the pr ovenance of the skeleton were available.
can s w er e pr epr ocesse d in Arte c Studio 17, an d th en
xport ed t o B len der 3.1 (blen der.o rg) fo r a l l f urt her pro-
essing. Th e s ke leton was placed in a natura l, symmet ric
 tanding pos ture ( Fig. 1 A). To achieve perfect symme-
ry in the limb g eometry, w e reflected a single fore- and
indlimb across the s agitt al plane.
3D inert ia l propert ies for our m ode l were esti-
ate d by sca ling the D ut c h Warmblo o d hors e datas et

rom Buchner et al. (1997 ) to our h orse s ke leton (see
upplementa ry texts a nd Supplementa ry fig. S2 f or de-
ail s). The fin al b o dy seg ment p a ra met er s are reported
n Supplemen tary da ta file S1 , s h eet 1. Total b o dy m a ss
a s 545 kg, which i s n ear l y equi valent to the av erag e
n Dut c h Warmblo o d hor se in Buc hner et al . (1997) .
eigh t a t t he wit hers wa s approxim ate ly 1.61 m, in clud-
ng a conservative ∼0.04 m to account for the absence
f h ooves, h orses h oes, an d soft tis s ue a bov e the tho-
acic neural sp ines. Co mp are d to the Dut c h Warmblo o d
orses studied in Bobbert a nd Sa nta ma ría (2005) , our
 ode l is slightly sma l ler, but mass and withers height
re bot h wit hin two st a nda rd deviatio ns o f t heir tr ial
ean s. Accountin g for differences in seg menta l defini-

io ns, center o f m a ss loca tions a pp ear to b e similar to
ho roughb red race h orses ( Ku bo et al. 1992 ).

oints

he aggregate torso b o dy h a s tw o tran slational ( x and y )
n d on e rotat iona l ( z ) deg re es of fre e do m wi th respect
o the glob a l r efer ence system ( Fig. 1 A), and it i s thu s
onst raine d to planar m ovem ents. Thi s i s mech anica l ly
 quiva lent to sliding on a pl ane. A ll t he ot her joints in
h e m ode l are hin g e joints ( Fig 1 ), with rotat iona l axes
 rthogo nal to the sag itta l ( xy ) plane. We modeled SCT
otio n wi th a hin g e placed at th e leve l of th e scapu-

ar sp ine, o ne fourth alo n g the len gt h of t he sc apul a.
he carp a l a nd ta rsa l j oints in th e h o rse are co mpound
o ints wi th s e veral distinct cent er s o f rotatio n. We sim-
lified these to simple hin g e joints (wrist and ankle
 oint, respe ct i vel y) b ase d o n co mpariso ns wi th radio-
 raphs avai lable from the “Im aging A n atomy” we b-
it e , host ed by the Universi ty o f Illino is ( ht t ps://vet me d.
 l linois.e du/imag ing _ ana tomy/index.h t m l ). The MTP
o int was immob ilized fo r all sim ula tion s, ex cept for a
ensi tivi ty an alysi s. Our m ode l in cludes m o re jo ints to
acilit ate f uture expan sion s of the model (such as an
 tlan to-occi p i ta l j oint, Fig. 1 ). Th ese were imm obi lize d
or the current study. Joint locations are reported in
upplemen tary da ta file S1 , s h eet 2. We do not explic-
tly m ode l th e m e chanica l effe ct of t he ses amoids, t he
o ne geo metries are for v isu a lizat ion purposes only.

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://vetmed.illinois.edu/imaging_anatomy/index.html
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
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Muscle and tendon properties

Muscle masses
To our kn owledge, n o complete muscle ar chitectur e
dataset of equine locomotor mu scles exi sts. For the
hin dlimb, Payn e et al. (2005a) have presented a near-
com plete da taset. F or th e fore limb, we had to combine
datasets fr om Br own et al. (2003) , Payne et al. (2005b) ,
and Watson and Wilson (2007) . How ev er, b o dy-m a ss
norma lize d muscles of several im portan t s h oulder an d
e l bow muscles an d thre e sma l l hip-cr ossing muscles ar e
n ot descri bed in th e equin e lit erature . Musc le m a sses
for 10 out of the 37 f orelimb muscles, a nd 3 of the 36
hindlimb muscles were acquired from a different ungu-
late ( Rangif er t arand us , r eindeer), r eported by Wareing
et al. (2011) . This accounts for 15.9% of the muscle mass
in the forelimb, 2.1% in the hindlimb, and 7.8% of the
t otal musc le mass in th e m ode l . For eac h locomot or
musc le , we collat ed its m a ss (norm a lize d to b o dy m a ss).
These data are summarized in Supplemen tary da ta file
S1 , s h eets 3 an d 4.

Functional groups
Muscle actions in the sag itta l plane were determined us-
ing co mpariso ns wi t h t he lit erature ( Nic kel et al . 1986 ;
König and Bragu l la 2007 ; Barone 2010 ; Budras et al.
2012 ), physica l p a lp at ion in live h orses, an d compar-
iso ns wi th s e vera l e quine plast ina tes a t the A n atomy
Dep art ment of the Facul ty o f Veterinary Sciences at
Ut re c ht Univer sity. We eliminat e d re dundan t m uscle
funct ions b ase d on their maj o r co ntribu tio ns in the
s agitt al pla ne, a nd did not consider dig ita l mobi lity. We
also did not indiv idu a l ly m ode l muscle fun ctio ns wi th
a co mb ined m a s s les s t han 0.5% of t he limb’s tot al mus-
cle m a s s. The res u lt ing 25 muscle funct iona l g roups per
side are presented in Fig. 1 .

When a n a na tomical m u scle h ad mu lt iple (posture-
depen dent) fun ction s, w e dist ribute d its m a ss e qua l ly
over s e vera l funct iona l g ro ups. Sup plemen tary da ta
file S1 , s h eet 5 s h ows th e 25 funct iona l g roups (per
side), whic h anat omical musc les co ntribu t ed t o their
m a sses, a nd which a na tomical m uscle their lines of ac-
t ion were b ase d o n. W hen mul ti ple muscles co ntribu ted
to a funct iona l g roup, we m ode led th e h eaviest mus-
c le . This p roced ure resul ted in the hindlimb having an
actuate d MTP j oint, even though dig ita l flexion was
not exp licitl y in cluded wh en deter mining t he 25 mus-
c le functions. 3D musc le lines o f actio n wer e r econ-
st ructe d in Blender ( Fig. 1 B, Supplemen tary da ta file S1 ,
s h eet 6).

Contractile properties
We pa ra metr ized pe ak isometr ic force ( F max , in N )
of each muscle fiber using the following equation
( Alexander 2006 ):

F max = m muscle σ

ρ L 0
cos α. (1)

Here, m muscle is the mass of the muscle in question,
σ is the specific tensio n o f mu scle ti s s ue (0.3 MPa used
h ere ( Payn e et al. 2005a , 2005b ; Marx et al. 2006 )), ρ is
the density of muscle tis s ue (1060 kg m 

−3 ), L 0 is the op-
t ima l fiber length (in m), and α is the pennation angle
of the muscle fibers. Because the muscles in our model
r epr esent funct iona l muscle groups, we set the penna-
tion angle to zero, m ode ling a l l mu scles a s p ara l lel-
fibered . Musc le funct iona l g roup m a sses follow from
Supplemen tary da ta file S1 , s h eet 5. Thus, th e on ly fre e
pa ra meter f or each muscle is L 0 (fiber length), and F max
then follows from equation ( 1 ).
G iv en the incom plete sta te of the equine muscle ar-

c hit ecture lit erature , and because our m ode l cur rent ly
o nly inco rpo rates functio nal grou ps, we tun ed L 0 an d
tendon len gth s ( L T , in met er s) for our m ode l using a
m eth od very similar to that outlined by Sellers et al.
(2013) , see supplementary texts for detail s. Thi s m eth od
i s ba sed on the observation that fiber len gth s (and im-
p licitl y, tendon len gth s), are s ome wh at tuned to h ab i t-
ual loco moto r jo int ran g es used by anim al s ( Bur kh older
and Lieber 2001 ). We modified the im plemen ta tion by
Sel lers et a l., be cause fiber len gth s o f p roxim al mu s-
c les t end t o be muc h lon g er th an di stal mu scles ( Brown
et al. 2003 ; Payne et al. 2005a , 2005b ). We manually
tun ed th e musc le-t endo n uni ts to vary between 0.75
and 1.25 L 0 (proximal) or 0.5 and 1.5 L 0 (distal) when
the joints are moved between a set of joint ran g es (not
accounting fo r tendo n elastici ty). This m eth od se lf-
co rrects so mewhat fo r sma l l re const ruct ion errors in
the muscle paths ( Sellers et al. 2013 ), and ensures the
m ode l is capable of gen erating en ough force at the de-
sire d j oint ran g es. How ev er, t his met hod ignores most
of the funct iona l spe cificity of the muscles. Many of
th e fiber len gth s are wit hin t he reported ran g es in the
lit erature , but certain musc le gr oups r equir ed s ubs tan-
t ia l ly a ltere d fiber len gth s to ena ble rea list ic gaits (se e
supplem entary texts ). Th e fina l cont ract i le p a ra met er s
for the model, comp are d to fiber len gth s from the liter-
atur e, ar e r eported in Supplemen tary da ta file S1 , s h eet
5.
Maxima l cont ract ion spe e ds ( v max , in L 0 s −1 ) of

hors e mus cle fibers have b een rep orted in the liter-
ature ( Rome et al. 1990 ; Marx et al . 2006 ; But c her
et al. 2010 ). There is a con sidera ble spread in the
m easurem ents, even wh en accoun ting for tem pera-
ture an d fib er typ es, f urt her com plica te d by betwe en-
muscle differences in fib er typ e comp osition ( Kawai
et al. 2009 ). Unles s s t ated ot herwis e, we pres ent
sim ula tions where we used 6.6 L 0 s −1 , r epr esenting

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data


Physics simulations of horse locomotion 699 

a
d  

t
a

C
1  

q
o
d
b
i
U  

c
k  

e
(
(
o
A
c
s
h
τ

e
m  

b  

e
s

O

T  

t
t
r
a
e
i  

t
g
f  

v
i
f
p
s  

t  

p
a  

c  

t
e

f
t  

i

i  

t
t
b
c
l  

s  

v
a
a  

u
o  

r
m  

i
T  

r  

t
o  

j
t
t

b  

t  

p
e
a  

s  

e
M
i  

f  

a  

t
a
a  

f
l
w  

t  

o
d

F  

c
O
e  

t
m

 mixed fib er-typ e equin e muscle ( Supplem entary
ata file S1 , s h eet 7). See supplem enta ry texts f or de-
ails on how we acquired this value, and two sensi tivi ty
nalyses where we varied v max .
Act ivat ion dynamics, which m ode l th e fractio n o f

 a 2 + b ound to tropo nin wi t hin t he myocyte ( Hatze
977 ; Wint er s a nd Sta rk 1988 ), ca n also a ffect stride fre-
uencies in sim ula tions ( van Soest and Ca siu s 2000 ). In
ur m ode l, th ey ar e r epr esente d by the act ivat ion and
eact ivat ion t ime consta nts ( τ a a nd τ d , respe ct i vel y;
oth in seconds). In pa rticula r, τ d ca n be rate-limiting
n loco motio n ( Ma rsh 1990 ; va n Soest a nd Ca siu s 2000 ).
nfortunate ly, th e sc aling bet ween b o dy size and mus-
le (de)act ivat ion dyn amics i s st i l l un kn own, an d to our
nowledge h a s never been measured in horses. How-
v er, an inv erse relation ship exists between τ d and v max
 Close 1965 ), and v max itself scales a pproxima tely with
b o dy m a ss) −0.125 ( Me d ler 2002 ). Base d on thi s, we h ave
 p t ed t o scale the time constants with (b o dy m a ss) 0.125 .
s s uming 70-kg b o dy m a ss for the hum an-sca le t ime
onstants in De Groote et al. (2016 ), we ca lcu late d a
cale facto r o f 1.29 fo r th e tim e constants in our 545-kg
or se . Unles s otherwise s pe cifie d, our simu lat ions use d
a = 0.0194 s and τ d = 0.0775 s for a l l the muscles.
We used the muscle m ode l descri bed by De Groote

t al. (2016) for our fe e dforward simu lat ions, an d th e
 ode l descri be d by Mi l lard et a l. (2013) f or our f e e d-
 ack simu lat ions. Both m ode ls a re sta nda rd, three-
 lem ent Hi l l-t ype actu at or s ( Hi l l 1938 ; Zajac 1989 ) (se e
upplementary texts ).

ptimization strategies

o acquire p erio dic lo co motio n in musculos ke le-
al m ode l s, we mu st find mu scle act ivat ion p atterns
hro ugh o p t imizat io n, o ften minimizing m ode l o utp uts
elat ed t o musc le activ it y or energy cost ( Ack erma nn
 nd va n den Bogert 2010 ; Geij ten be ek et a l. 2013 ; Fa lisse
t al. 2019 ). The numb er of p ossib le acti va tion pa tterns
s pract ica l ly infinit e , so findin g suita b le acti va tion pa t-
erns is a co mpu tatio n al ch allen g e. We hav e per for med
ait sim ula tion s usin g both f eedf orwa r d contr ol, and
e e db ack cont rol. In fe e dfo rward co n trol, m uscle acti-
at ion p atterns are pre determine d and do not chan g e
n response to th e m ode l st ates, so t here is no state
e e db ack. In pure fe e db ack cont rol, muscle act ivat ion
 atterns are whol ly determine d by chan g es in m ode l
t ates, and t here is no pre determine d muscle activa-
 ion p a ttern. We im plemen ted th ese diam et rica l ly op-
ose d cont rol st rateg ies using simu lat ion m eth od s th at
re also very different in nature: in the fe e dforward-
ont rol le d simu lat ion s, w e hav e use d “dire ct col loca-
ion” ( Ack erma nn a nd va n den Bogert 2010 ; De Groote
t a l. 2016 ; Fa lisse et a l. 2019 ; Dembia et a l. 2020 ), and
 or the f e e db ack-cont rol le d simu lat ion s, w e o p t imize d
he control pa ra met er s using a more t radit iona l s h oot-
ng m eth od ( Geij ten be ek et a l. 2013 ).
In direct collocation, the entire trajectory (discretized

n to timepoin ts) is o p t imize d a longside the muscle ac-
 ivat ion p attern s. Dynamic con sistency betw een the
imepo ints is enfo rced by constraints that can init ia l ly
e ig nore d. Thus, the init ia l guess for the o p t imizat ion
an be a random t raj e ctory that can init ia l ly ig n ore th e
aws of physics (e.g., a m ode l flo at ing f orwa rd at the de-
ire d spe e d ( Fa lisse et a l. 2019 )). As the o p timizer con-
 er g es, con straint errors are re duce d unt i l physica l laws
re obeyed. In a s h ooting m eth od, an init ia l guess for the
ct ivat ion p atterns i s u sed for m any simu ltane ous sim-
 lat ions (i .e ., numerical int eg rat ion s ov er t ime that a ll
bey physics). The movement t raj e cto ry i tse lf is n ot di-
e ctly modifie d—in eac h it eration of the o p timizer, the
 uscle activa tion pa tterns are modified an d th e result-

n g mov ements a re f ound by do ing mo re sim ula tions.
hi s i s a n importa nt differen ce wh en comp are d to di-
e ct col locat ion, where a l l the t imepo ints o f the t raj e c-
o ry i tself are al tered simul tan eous ly wit h e ac h it eration
f the o p timizer ( De Groo t e et al . 2016 ), an d th e tra-
 e ctories are not acquired by numerical in tegra tion over
ime using an initial stat e . We will refer to conv er g ed
 raj e cto ries fro m b oth mo da lit ies as simu lat ions.
For our fe e dfo rward-co nt rol le d simu lat ion s, w e

ro ad l y fo llow t he s am e m eth odology descri bed in de-
ail in van Bijlert et al. (2024) (in re vie w). Our ap-
ro ach using fe e db ack-cont rol le d simu lat ions was an
xtensio n o f the app ro ach int roduce d in Geij ten beek et
l . (2013) . We att empt ed t o keep the model s a s con-
i stent a s p ossible b etwe en simu lat ion m eth ods. How-
ver, to im plemen t dire ct col locat ion we use d O penSim
oco v4.4 ( Seth et al. 2018 ; Dembia et al. 2020 ), and to

m plemen t fe e db ack cont rol we use d SCO NE a nd Hy-
ydy ( Geij ten bee k 2019 ; 2021 ), an d th es e s oftware pack-
ges use slightly different implementations of a Hi l l-
ype muscle m ode l ( Hi l l 1938 ; Zajac 1989 ; Mi l lard et
l . 2013 ; De Groot e et al . 2016 ). Sin ce th ese differen ces
re minor, we do not expect them to significantly af-
e ct the resu lts, espe cia l ly in co mpariso n to the much
ar g er difference in the control methodology itself. We
i l l describe the two methodologies in the next sec-
ion s, focusin g on where we depart from the previ-
us im plemen ta t ions. Se e supplementa ry texts f o r mo re
etails.

 eedforwar d-controlled simulations using direct collo-
ation
 ur overa l l appro ach was very simi la r to va n Bijlert
t al. (2024) (in re vie w), wit h necess ary modifica-
ions to extend the workflow to qu adruped al gaits and
o re co mplex mo dels. Sp e cifica l ly, i t p roved infeasi-

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
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ble to find rea list ic gai t sol u tio n s usin g quasi-random
guesses in the model with fu l l co mplexi ty. We were
able to find go o d sol u tio ns by init ia l l y simp lifying the
m ode l: we imm obi lize d the an kle, SCT, and wrist j oints
(using “WeldJoints” in O penSim), remove d bi- and
t ri-art icu lar muscles unless it would result in an un-
actuate d j oint, an d in creased F max of the remaining
musc les t o compensat e . We used conv er g ed sol u tio ns
from simplified m ode l s a s the init ia l guess for th e m ode l
wit h f u l l-complexity (restoring F max to values found
v i a equ atio n (1) ), resul ting in a wide array of gaits found
wi thou t using motio n-ca ptured kinema tics. These sim-
u lat ions can be considered full y predicti v e. We hav e also
per for m ed on e t racking simu lat ion, wh ere we in cluded
the squared dev i atio ns fro m emp irica l kinemat ics dur-
ing the trot ( Back et al. 1995a , 1995b ) in the cost func-
t ion (se e supplementary texts ). This t racking simu lat ion
is different from t radit iona l inverse dynamics, be cause
dyn amic consi stency i s m a inta ine d by potent ia l ly a l low-
ing dev i atio ns fro m the empiric al d ata, a s di scu ssed in
Fox (2024) .

We first found p erio dic wa l king gaits for the sim-
plified m ode l from quasi-ran do m ini t ia l guesses—a
dy namic a l ly inconsistent t raj e c tory w h ere th e m ode l
flo ate d f orwa rd at the tar g et spe e d (se e supplementary
video , a nd code exa mples o n our p roj e ct p age). The tar-
get spe e d for these simu lat ions was 1.25 m s −1 , because
th at i s c lose t o the o p t ima l wa l king spe e d o f po nies
an d h orses ( Hoyt an d Taylor 1981 ; Min ett i et a l. 1999 ),
but different stride len gth s w er e explor ed by pr escrib-
ing st ride durat ions. Th ese form ed th e init ia l guess for
wa l king simu lat ions in the mo re co mplex m ode l. Con-
v er g ed sol u tio ns in the complex m ode l were th en used
as the init ia l guess for o p t imizat ions with a sequen-
t ia l ly higher tar g et spe e d (in steps of 0.5 m s −1 ), a l low-
ing us to explore the spe e d-ra nges a nd ga it tra nsi tio ns.
O ur wa l king sol u tio ns spo ntan eous ly t ransit ione d to ei-
ther pacing or töltin g usin g this p roced ure (see results),
but did not t ransit ion to ga l loping. To find ga l loping
gaits, we first searched for ga l lopin g usin g the simplified
m ode l (with high er tar g et spe e d s). We then u sed an ad-
equate sol u tio n as the initial guess for the more complex
m ode l, an d th en se quent ia l ly increase d t he t ar g et spe e d
as a bov e. We defin e th e top spe e d of our m ode l as th e
highest tar g et spe e d at which the o p t imizat ion s w ould
st i l l conv er g e.

As is co mmo n when u sing thi s approach
( Ack erma nn a nd va n den Bogert 2010 ; Falisse et
a l. 2019 ), we init ia l ly found p erio dic gaits by sim ula ting
ha lf-st rides whi le enfo rcing b i latera l (cross-)symmet ry
and p erio dici ty o f a l l t he st ates. To fin d asymm etric gaits
such as ga l lopin g, w e tran sfor med t hese ha lf-st rides
into fu l l st rides, a nd enf or ced r egular p erio dici ty o f the
states for subsequent o p timizations.
O ur dire ct col locat ion o p t imizat ions use d a mu lt i-
obj e ct ive cost funct ion (se e supplementa ry texts f or a
fu l l m athem at ica l descript ion). The main terms were
(1) metabolic cost o f transpo rt (MCOT, in J kg −1 m 

−1 ),
using the p henomeno log ica l model of Bhargava et al.
(2004) , (2) the integ ra l of muscle exci tatio ns cubed,
which we refer to as “fat igue,” fol lowing Ack erma nn
a nd va n den Bogert (2010) . Fatigue h a s broader defini-
tions in different neuro muscular co ntexts ( En oka an d
Duc hat eau 2016 ), but we adopt t he nar row defini tio n
used by Ack erma nn a nd va n den Bogert (2010) f or
the co ntext o f musculos ke letal sim ula tio ns. Seco ndary
costs with a much lower weight were included to im-
p rove numerical co nvergen ce. In th e m ain m anu script,
we only present results using MCOT as the main ob-
j e ct ive un les s s pe cifie d o therwise, b u t we perfo rmed a
sensi tivi ty an alysi s wh ere we experim ented wi th co m-
b inatio ns o f fatigue and MCOT, and only fatigue (see
supplementary texts ). We used OpenSim Moco v4.4
( Seth et al. 2018 ; Dembia et al. 2020 ) for our direct col-
location o p timizatio ns. We p rovided code examples and
a l l simu lato r ou tpu ts o n our p roj e ct p age (se e data avai l-
ab ili ty).

Feedback-controlled simulations using optimized pro-
prioceptiv e r eflexes
O ur fe e db ack cont rol st ra tegy genera tes m uscle excita-
t ion sig na ls from delayed pro priocep tiv e sen sory sig-
n al s, essentially m ode ling a rudim entary spinal reflex
co ntrol netwo rk. The s ens ory sig na ls co nsist o f both
muscle length and musc le force , represent ing sig na ls
from muscle spin dles an d Golgi tendon or gan s, respec-
ti vel y. The fe e db ack sig na l U (i.e., t he excit a tory in put)
of each neuron was ca lcu late d as:

U = C 0 + k F · F + k L · L (2)

Here, k F a nd k L a re the f orce a nd length f e e db ack
gains, respe ct i vel y; C 0 is t he const a nt f e e db ack offset; F
a nd L a re th e de layed n orma lize d muscle force an d fiber
len gth s, respe ct i vel y. C 0 , k F , and k L were iterati vel y op-
t imize d b ase d o n our high-level gai t obj e ct ive.
Following the o rganizatio n o f th e e lem entary p rop ri-

ocept ive p at hways found in t he m amm alian spin al cord,
we included both monosynaptic and anta gonis t ic p ath-
ways for muscles shar ing t he s ame jo int(s). Mo nosynap-
tic len gth reflex es w ere always ex ci tato ry, while antago-
nistic len gth reflex es w ere a lways in hib i to ry. Fo r ce r e-
flex es w ere a l lowe d to b e b ot h excit at ory or inhibit ory.
Eac h pathway inc luded a n eural de lay, based on th e es-
t imate d length of the neural reflex pathway.
Th e m ode l used in our fe e db ack-cont rol le d sim-

u lat ions a lso inco rpo rates explici t jo int limi t to rques
(500 Nm rad 

−1 ), which are applied when joint rotations
exce e d a j oint-spe cific ran g e. These jo int limi t to rques

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
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 epr esent the forces natura l l y app lied by ligaments and
ony structures to prevent hyperflexion and hyperex-
ension, a nd a r e r equir ed to prevent the model from col-
apsin g durin g the sim ula tion, which in turn can cause
he o p timizer t o get stuc k in local minima.
Our different gaits w ere g enerated by o p timizing

he fe e db ack ga ins a nd offsets, minimizing M COT
 B hargava et al . 2004 ). Bot h t he fe e db ack gains and off-
ets rema ined consta nt f o r the d uratio n o f each simu-
at ion. The fe e db ack cont rol ler was im plemen ted using
CONE ( Geij ten bee k 2019 ), an d th e o p t imizat ion was
er for med in SCONE using Covar iance Matr ix Adap-
atio n Evol u tio na ry Strategy (CMA-ES) ( Ha nsen 2006 ;
eij ten be ek et a l. 2013 ). We sim ula ted th e m ode l using
he Hyfydy sim ula t ion eng ine ( Geij ten beek 2021 ).

valuation of gaits and dynamics

ecause we are introducing a n ew m ode l an d wor kflow
n this paper, we have focused on pr esenting br oad com-
arison s betw een sim ula ted ga its f ound using f e e dfor-
ar d contr ol, and empirical data fro m ho rses. We co m-
 are d foot fa l ls and g r ound r eactio n fo rces (GRFs) to
mpiric al d ata from the literature ( Merkens et al. 1986 ,
993 ; Hildebrand 1989 ; Weishaupt et al. 2004 ; Witte et
l. 2006 ; Self Davies et al. 2019 ), in order to evaluate in-
iv idu al gaits. We combined t hese wit h compar isons to
mpirica l st ride len gth s and d u ty facto rs ( Wei sh aupt et
l . 2010 ), t o evaluat e gait sele ct ion across different tar g et
pe e ds. The t rot h a s be en re cog nize d as a releva nt ga it
 o c linica l de ci sion m akin g ( Serra B ragança et al. 2018 ).
her efor e, we a lso comp are d j oin t kinema tics from our
im ula tions to empirical data of t rott ing warmblo o d
o rses fro m ( Back et al. 1995a , 1995b ). We sele cte d
 he tr ials t he y pres en ted tha t wer e corr e cte d for skin-
isp lacement fo l lowing van We eren et a l. (1992b) . We
omp are d the joint kinematics of both a fu l ly pre dict ive
 ria l, and a t ria l where kinematics were added as a track-
ng term to the cost function (see supplementary texts ).
n this tracking sim ula tion, we also compared muscle
ct ivat ions to surface ele ct romyog ra phic (EMG) da ta
ro m Smi t et al. (2024) .
The EMG data set wa s ba sed on data fr om thr ee
o rses d uring trot o n a t readmi l l , t en str ides e ac h. Eac h
ig na l was a lig ne d to the init ia l contact of the limb that
 hat t he sig na l was col le cte d from. The sig na ls were rec-
 ifie d, envelope d, a nd resa mpled to 101 da ta poin ts per
t ride, se e Smit et al. (2024) for detai ls. Be cause it is not
ossible to instruct horses to per for m a m axim al volun-
ary cont ract ion, we norma lize d the EMG sig na l ampli-
udes to the me dian pea k amplitude over a l l ten st rides
er hor se . We plott ed the av erag e a nd sta nda rd devi-
tio n o f a l l 30 st rides. We comp are d thes e to mus cle
ct ivat io ns fro m the co rrespo nding musc les (13 in t o-
al) of our m ode l during a sim ula tio n o f th e trot wh ere
oin t kinema tics were tracked in the cost function. In
ur sim ula tions, m uscle activa tion s w ere b ounded b e-
ween 0 and 1, with 1 r epr esenting m axim al activa-
 ion. Be cause the t rot wa s a subm axim al ga it f or our
 ode l, som e of the muscles were not highly act ivate d.
o enable a more direct co mpariso n to the EMG sig-
 al s, sim ula ted activa tion s w ere plo tted bo t h wit hout
nd with norma lizat ion to pea k act ivat io n d ur ing t he
tride.
Empiric al d ata were dig it ize d u sing We bPlotDigi-

izer 4.0 ( ht t ps://apps.au to m eris.io/wpd4/ ). We defin ed
 stride as th e distan ce trave led between s ucces sive con-
 acts of t he s ame limb. GRFs were reported as a frac-
io n o f total b o dyweight (BW). We did not quantita-
i vel y com pare m uscular o utp uts (e.g., forces, metabolic
os ts) to meas urements—due to our simplifications to
he m uscula ture, it is un li kely tha t such a com parison
 ould be meanin gful. How ev er, MCOT wa s the m ain
 p t imizat io n cri terio n in most of our sim ula tions, and
e thus comp are d relat ive differences in MCO T t o as-
ess the o p t ima li ty o f the gai ts w e hav e found.

esults
lthough we have sim ula ted our m ode l at varying lev-
ls o f co mplexi t y, unless otherw ise spe cifie d, we present
 utp uts from the model with mob ile hi p, knee, ankle,
CT, s h oulder, e l bow, an d wrist joints. This m ode l had
7 deg re es of fre e dom and 50 muscles (17D50M). We
i l l first high light a sele ct io n o f the gai ts that we ac-
uired using f eedf orwa r d contr ol . Next, we evaluat e the
xt ent t o whic h this fe e dfo rward co ntrol m eth od was
ble to m ode l gait se le ct ion, and w hat fac t or s a ffe cte d
hi s. La stly, we present a simu lat ion acquire d using fe e d-
 ack cont rol, to demonst rate the flexib ili ty o f the model.
e have provided a video that dem onstrates th e gaits
escr ibed in t he m anu script, and an example of the sim-
le to complex o p t imizat ion se quence use d to acquire
he fe e dfo rward-co nt rol le d gai ts ( Su pplementary Video
1 ).

aits acquired using f eedf orward control

alk
implified m ode ls an d th e 17D50M m ode l were both
ap able of wa l king gaits, s h owing M-s haped (dou ble-
 um pe d) vert ica l GRFs. Fig. 2 s h ows a n exa mple of a
a l king sol u tio n using th e 17D50M m ode l. Comp are d
o empirical dat a, t he ph a se lag between forelimbs and
in dlimbs ten ded to be lower in our m ode l ( ∼5% in Fig
 .), alt hough t hi s wa s vari able bet ween different solu-
 ions. This can a ls o be s ome what variable in h orses, an d
o me o f our wa l king sol u tio ns cou ld be classifie d as a
slow wa l king p ace” ( Hi ldebrand 1965 ).

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://apps.automeris.io/wpd4/
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
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Fig. 2. Empirically determined (A) footfalls and (B) GRFs (speed range 1.44–1.79 m s –1 ) during walking gait in horses (top row) compared 
to (C) footfalls and (D) GRF in our simulation model (bottom row, 1.25 m s –1 ). Footfalls w er e digitized from Hildebrand (1989) , and the 
GRFs w er e digitized from Merkens et al. (1986) . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pace and trot
Our m ode l is symm etric an d constrain ed to planar (2D)
m ovem ents, pacing an d t rott ing a re theref ore equiva-
lent gaits. In many of the pre dict ive se quences (se e next
se ct ion), we found gaits that could be classified as a pace
( Fig. 3 C, D). The GRFs showed a rea son able co rrespo n-
dence to empirical data ( Fig. 3 B, D), although in a true
pace, th e fore limbs an d hin d limbs st ri k e nea rly simul-
tan eous ly ( Hildebran d 1965 ). While some ph a se lag be-
tween f ore a n d hin dlimbs is n ot unusua l ( Hi ldebrand
1965 ; Rhodin et al. 2022 ), fore-hind asynchrony was
mo re p ro n oun ced in our m ode l.

In the pacing gait presented in Fig. 3 C, D, stride
length wa s 1.59 m, approxim ately 37% less than in
warmblo o d horses at this spe e d ( Weishaupt et al. 2010 ).
As a resu lt, pea k j o int excursio ns were much less pro-
n oun ced wh en co mparing jo in t kinema tics to em piri-
c al d ata from Bac k et al . 1995a , 1995b ) ( Supplementary
fig. S3 ). To evaluate wh eth er th e muscles in the model
were physica l ly cap able of g eneratin g r equir ed joint
torques over the joint ran g es that horses ado p t, we
p rod uced a sim ula tion tha t included dev i atio ns fro m
empirica l j oin t kinema tics as an ext ra t racking cost
(see supplementary texts ). This tracking sim ula tion had
gre at ly improve d kinemat ics ( Supplementary fig. S3 ),
al though fro m the foot fa l l s it i s evident th at there wa s
st i l l so me fo r e-hind asynchr ony ( Fig. 3 E). The GRFs
also s h owed a left-s kew, reaching th eir pea k va lue ear-
lier in the stance ph a se th an in the empiric al d ata ( Fig .
3 F). This may be related to th e imm obi lizat ion of the
dista l j oints in our m ode l, limiting th e spring-like leg
beh avior th at i s kn own to occur in h ors es ( Bie wener
1998 ; McHorse et al. 2019 ; Kaas h oe k et al. 2023 ).
Al though we o n ly t racke d j oint angle dev i ations
in the tracking sim ula tion, m uscle activa tions in the
sim ula tion s h owed rea son able co rrespo n den ce to em-
pirica l EMG sig na ls, desp i te m ode l sim plifica tions
( Supplem entary fig. S4 ). In h ors es, s ome mus cles show
ant icip atory act iv it y to the limb init ia l contact (e.g., M.
semiten din osus), which our sim ula tion failed to cap-
ture. In s ome mus cles, the d uratio n o f m uscle activa tion
pre dicte d by our sim ula tion wa s al so s h orter t han t he
empiric al d ata (e.g ., M. triceps brachii c apu t lo ngum).

Collected gallop
Ho rses typ ica l ly ado p t a tran sv er se , collect ed gallop
( Fig. 4 A). Tran sv erse (as o p posed to ro tary) signifies
t hat t he cont ra latera l forelimb is the next leg to con-
t act t h e groun d af ter t h e secon d hin dlimb contact. Col-
le cte d (as o p posed t o ext ende d) sig nifies t hat t he limbs
are close together during the flight ph a se ( Hilde brand
1989 ; Bertra m a nd Gutma nn 2009 ). We present a trans-
verse col le cte d ga l lop ( Fig. 4 C), but the dist inct ion
between the tran sv erse and rotary ga l lo p, tho ught to
be relat ed t o lo ngi tudinal stab ili ty, is n ot m eaning-
ful in our 2D-constrained sim ula tion s. Durin g gallop-
ing at 8.75 m s −1 , simu late d foot fa l ls s h owed a rea-
sonab l y go o d corresp on den ce to horses ga l loping near
this spe e d ( Fig. 4 C), a lt hough t her e was a pr on oun ced
fore-hin d asymm etry in d u ty facto rs (see next se ct ion).
8.75 m s −1 was th e high est tar g et spe e d at which a ga l-
loping sim ula tio n would co nv er g e usin g a v max of 16
L 0 s −1 . Top spe e ds ran g ed betw een 7.75–9.75 m s −1 , us-
ing values of v max between 6.6–16 L 0 s −1 and differ-
ent cost function w eightin gs (see Sensi tivi ty A n alysi s

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
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Fig. 3. (A) Footfalls (3.5 m s –1 ) and (B) GRFs (speed range 3.9–4.3 m s –1 ) empirically determined in trotting horses, compared to (C, D) a 
fully pr edictiv e pacing gait (3.25 m s –1 ) and (E, F) a trotting gait (3 m s –1 ) acquired with a tracking cost added to the cost function. Footfalls 
w er e digitized from Weishaupt et al. (2004) , and the GRFs w er e digitized from Merkens et al. (1993) . 

1  

s  

s
m  

h
t
l
o
(

A
I  

t
M
d
(
r
m
t  

i  

o
t
I  

i

(
5
o
l
t
2
r
3
u
s

G
f

S
A
c
(  

t
1
w  

t
r
f

 in the Supplementa ry Texts ). Simila r to the trot pre-
ented in Fig. 3 F, GRFs during galloping s h owed a left-
kew ( Fig. 4 D). At 8.75 m s −1 , str ide lengt h was 2.81
, ∼36% lower than expe cte d fo r tho roughb red race-
o rses ( Wi tte et al. 2006 ). Incre asing t he (de)act ivat ion
ime constants by a factor of two resu lte d in a stride
ength of 2.83 m ( ∼0.6% increas e), s o we co ncl uded that
ur current gait solution s w ere not strongly a ffe cte d by
de)act ivat ion dynamics.

mbling gait (r ev erse tölt)
n certain o p t imizat ion se quen ces, our m ode l transi-
 ione d to an ambling gait at 2.25 m s −1 ( Fig. 5 ). The
-shaped GRF in the f orelimb clea rly shows wa l king
y namics, signify ing pendul ar o r vaul ting mechanics
compare Fig. 5 B to Fig. 2 B). We di stingui sh thi s from
unning, wh ere a be ll-s hape d GRF sig nifies bouncing
echanics ( Fig. 3 B). In the ambling gait we found,

h e hin d limb was in a t ransit iona l state between walk-
ng and running, re cog nizable by the a tten ua te d se c-
nd peak in the GRF ( Fig. 5 B). This state resembles
he t ransit iona l GRFs presente d in Bis h op et al. (2018) .
n Ice lan dic h o rses, transi tio nal töl t gai ts s h ow wa l k-
ng dynamics in the hindlimbs instead of the forelimbs
 Bi knevicius et a l. 2004 ), t hus t he gai t we p resent in Fig.
 . m ay perh aps be ca l le d a re vers e tölt. We a re unawa re
f any studies describing this gait in horses, but b ase d on
imb-mecha nics it ca n be inf er red t h at eleph ants ado p t
his gait at int ermediat e spe e ds ( Ren and Hut c hinson
008 ). At higher spe e ds, the hind limbs ado p te d t rue
unning dynamics (be ll-s haped GRF, such as in Fig.
 D), whereas the forelimb GRFs became t ransit iona l
nt i l th e m ode l t ransit ione d to p acin g at ev en higher
pe e ds (se e next se ct ion).

ait selection and transitions using
 eedf orward control

tride lengths
t wa l king spe e ds, st r ide lengt hs in our m ode l were
 lose t o empirica l st ride len gth s from Wei sh aupt et al.
2010) , if MCOT was the main term in the cost func-
ion ( Fig. 6 A). When incre asing t he t ar g et spe e d beyond
.25 m s −1 , t he str ide lengt hs ado p ted by o ur m ode l
 ere low er t han empir ical me asur ements acr oss the en-

 ire spe e d ran g e, betw een 34 and 42% low er ov er a spe e d
an g e of 2.75–5.75 m s −1 ( Fig. 6 A). Stride len gth s and
r equencies ar e inversely r elat ed , our model thus also

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data


704 P. A. van Bijlert et al .

0 20 40 60 80 100

RH

RF

LF

LH

Collected gallop, empirical

0 50 100

0

1

2

G
R

F 
(in

 B
W

)

Left forelimb

0 50 100

0

1

2
Right forelimb

0 50 100

0

1

2
Left hindlimb

0 50 100

0

1

2
Right hindlimb

0 20 40 60 80 100
Gait cycle (in %)

RH

RF

LF

LH

Collected gallop, simulation 

0 50 100

0

1

2

G
R

F 
(in

 B
W

)

Left forelimb

0 50 100

0

1

2
Right forelimb

0 50 100
stance time (in %)

0

1

2
Left hindlimb

0 50 100
stance time (in %)

0

1

2
Right hindlimb

fore/aft
vertical

(A) (B)

(C) (D)
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ado p te d st ride fre quen cies that were high er than em-
pir ical me asurements. We per for med a sensi tivi ty anal-
ysi s u sing altern ative cost function form ula tions tha t
pena lize d m uscle fa t igue (i.e., pea k neura l input, fol-
lowing ( Ack erma nn a nd va n den Bogert 2010 ), see
supplementary t exts ), whic h result ed in even s h orter
str ides ( Supplement ary fig . S5 ). Simil arly, w e inv esti-
gated wh eth er low erin g v max to 1.79 L 0 s −1 w ou ld re duce
st ride fre quen cies an d thus in cre ase str ide lengt hs (see
Sensi tivi ty A n alysi s 2, supplementary texts ), but this
also m oderate ly re duce d st r ide lengt hs ( Supplement ary
figs. S6 ). We wi l l elabo rate o n thi s i s s ue in the di scu s-
sion. We were able to circumvent this by p rescrib ing the
empirica l st ride length relat io nshi p fro m Wei sh aupt et
al. (2010) in the co ntroller, al t hough t his would com-
plica te in terpreta tions of gait sele ct ion ( Fig. 6 B). In the
fol lowing p arag raph, we wi l l ther efor e focus on the un-
const raine d simu lat io ns p resented in Fig. 6 A.

Gait transitions
Horses and other m amm al s di splay a gait t ransit ion
from wa l kin g to runnin g (t rott ing, p acing, tölt ing, etc.)
between Froude numbers (n on-dim ensiona l spe e d) of

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
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m

.4–0.6 ( Hoyt and Taylor 1981 ; Alexander and Jayes
983 ). As s uming a hip height of ∼1.11 m, this corre-
ponds to a gait t ransit ion betwe en 2.08 and 2.55 m s −1

o r a ho rse simi larly size d to our m ode l. Wh en in creas-
ng the tar g et spe e d a bov e 2.25 m s −1 , our m ode l spon-
an eous ly swit c hed t o a pacin g or rev erse-töltin g gait
 Fig . 6 A, indiv idu al gai ts p resented in Figs. 2 , 3 , and 5 ).
roun d th e wa l k to run t ransit ion, we a lso re cov-
re d loca l ly o p t ima l ga its (e.g., ga its with a two-to-one
o l y rhythm bet ween hin d an d fore limbs), which oc-
urr ed mor e fr equent ly when t h e boun ds on th e states
n the o p timizer were too wide, but also when v max was
owered ( Supplementary fig. S6 ). Desp i te these compli-
ations, our m ode l always transi tio ned fro m walking to
unning dyn amics, u sua l ly p ace o r töl t, ne ar t he tran-
i tio n speed expected fo r ho rses o f this size ( Alexander
nd Jayes 1983 ).
Across the wa l k to p ace t ransit ion, MCOT a lso

 h owed a pattern qua litat i vel y similar to empirical data
ro m ho rses ( Hoyt and Taylo r 1981 ; Minett i et a l. 1999 ):
 U-shape d prog ression and minimum MCOT during
a l king, an d a s ha l lo wer, lo wer minimum during pac-
ng ( Fig. 6 D). We cau tio n t he re ader t hat t hese out-
uts s h ou ld on ly be used to compar e r elat ive p atterns
f MCOT, as our agg regate d muscle funct iona l g roups
ikely lead to underest imat io ns o f MCOT. Both tölting
equences in Fig. 6 D had hig her MC OT than pacing,
u lminat ing in ext rem e l y costl y local o p tima ( Fig. 6 C),
ef ore tra n sitionin g to a much more e conomica l p acing
ait ( Fig. 6 D). Al l se quences use d MCOT as the main
bj e ct ive in the cost f unction, t he re vers e tölt wa s thu s
 loca l ly o p t ima l gait in our simu lat ions. D uty fact or s of
hese sim ula tio n sequences ( Su pplementary fig. S7 ) fur-
her su ppo rt that töl ting can be interp reted as ma inta in-
ng wa l king dynamics across the wa l k to run t ransit ion
pe e d. Comp are d to empirica l data, our p acing simu la-
ions ma inta in ed high er d u ty facto rs in the hindlimbs,
nd lower d u ty facto rs in the fo relimbs ( Su pplementary
g. S7 ), which can also be seen in the footfalls ( Figs.
 C, 5 C).
Cursorial m amm al s t ypic ally transi tio n fro m sym-
et rica l to asymmet rica l running gaits at Froude

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
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Fig. 7. Footfalls during (A) collected half bound (6.75 m s –1 ) and 
(B) extended (rotary) galloping (5.25 m s –1 ) simulations. These gaits
are not typically used by horses, although they are seen in other
mammals.
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Fig. 8. (A) Footfalls and (B) GRF in our model during tölt at 1.53 
m s –1 , found using a spinal feedback-controller. The hindlimb shows 
walking dynamics (M-shaped GRF), whereas the forelimb shows 
transitional running dynamics (second GRF peak is attenuated, but 
not yet a true bell curve that is seen at higher speeds). We plot the 
av erage ov er 16 strides. Stride length was 1.61 m. 

 

numb ers b etween 2 and 3 ( Alexa nder a nd Jayes 1983 ),
co rrespo nding to a range of 4.67–5.72 m s −1 for our
m ode l. In sim ula tio ns o f fu l l st rides, our 17D50M
m ode l did n ot t ransit ion to ga l loping when se quent ia l ly
incre asing t he t ar g et spe e d of a p acing sol u tio n. We were
able to find this gait in our model by increasing the
tar g et spe e d in a simplifie d m ode l. We se le cte d suit-
able ga l lop ing sol u tio ns b ase d on the foot fa l l s and u sed
t hese as t he init ia l guess fo r the co mplex m ode l. Using
a v max of 6.6 L 0 s −1 , ga l loping was cost lier t han pacing
f or nea rly a l l spe e ds considere d ( Supplementary fig. S8 ),
an d th e fas tes t r ecover ed pacing speed was higher than
ga l loping (8.25 m s −1 versus 7.75 m s −1 , respe ct i vel y).
This s ugges ts that ga l loping was a lso a loca l ly o p t ima l
gait in our m ode l (see di scu s sion). Interes tin gly, ev en
t hough t he pr ogr es sion in s tr ide lengt hs was smoot h,
MCO T t ended t o s h ow lar g e spikes near the expe cte d
symmetric to asymmetric gait transi tio n speed ran g e
( Supplementary fig. S8 ).

Effect of unlocking the MTP joints
Even though we did not set out to m ode l dig ita l flex-
io n and extensio n, our p roced ure fo r deter mining f unc-
t iona l g r oups r esu lte d in actuate d MTP j oints (se e
m eth ods). We th er efor e performe d simu lat ions where
w e ena ble d MTP mobi lity in the model (19D50M), to
investigate wh eth er this a ffe cte d st r ide lengt hs a nd ga it
sele ct ion. At 1.25 m s −1 , sim ula ted stride length was
wi thin o n e stan d ard dev i atio n o f the emp iric al d ata,
∼4.2% lower t han t h e m ean. How ev er, at higher spe e ds
the pr ogr es sion in s tr ide lengt hs was most ly indistin-
gui sh able from the sim ula tio ns wi th locke d MTP j oints
( Su pplementary fig. S9 ). W hen using ga l lop ing gai ts as
an init ia l guess, we found two other asymmetric gaits
( Fig. 7 ): a half boun d, wh ere th e hin dlimbs are n ear ly
symmetr ic but t he forelimbs a re not, a nd a n extended
ga l lop, wh ere th e limbs are extended during the flight
ph a se . To our knowledge , hor ses do not norma l ly ado p t
these gai ts, al th ough ch e eta hs and de er are known to
use extende d ga l lops, and jackrabb i ts u se h alf bound s
( Hi ldebrand 1989 ; Bert ram and Gut mann 2009 ). Un-
locking the MTP joint did not s ubs tant ia l ly a lter st ride
len gth s in our ga l loping simu lat io ns ( Su pplementary
fig. S8 ).

Feedback-controlled gait—Tölt

In our fe e db ack-cont rol le d simu lat ions, th e m ode l
ado p te d a t ransit iona l tölt th at i s seen in Ice lan dic
h orses (an d cert ain ot h er h o rse b re e ds; Bi knevicius
et al. 2004 ). It is characterized by running mechan-
ics in the fo relimbs, co nt raste d by wa l king me chan-
ics in the hind limb ( Fig. 8 , comp are to Fig. 5 ). At a
spe e d of 1.53 m s −1 , str ide lengt h wa s 1.61 m, which i s
∼12.5% lower than empirica l ly determine d in warm-
blo o d horses ( Wei sh aupt et al. 2010 ).

Discussion
Gaits and gait transitions

Our m ode l displayed a number o f gai t c haract eristics
res embling thos e o f real ho rses. In p art icu lar, GRFs
bro ad l y fo l low empirica l p a tterns in sim ula tions where

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data


Physics simulations of horse locomotion 707 

t
2
h
w
s
j
h
t  

t  

t
p
S
c
a  

s
d
e
i
s

u
o
(
(
s
s
s  

o
a
h
3
a
t  

c
t
h
t  

t
m
t
2
g  

e
a
e
o  

n
c
n
r

s
1
a  

t
t  

p
c
n
e  

f
(
2
s
f
g
s
t  

b
a
a
s
a
t
i
p  

l
fl
(
B
(  

i
s
S
o
n

 

p  

b  

e
m
B  

e  

t
a
o  

b
t
t  

e
c
e

G

F
m  

u

h e m ode l foot fa l l s m at c h those of a n existing ga it ( Figs.
 , 3 , and 4 ). Even in sim ula ted gaits t ypic a l ly not seen in
 orses ( Fig. 7 ), th e foot fa l ls s h ow rea son able ag re ement
it h ot her m amm al s ( Hilde brand 1989 ). O ur t racking
im ula tio n demo nstra ted tha t the model is capable of
 oint mot ions near to those empirica l ly determine d in
o rses ( Su pplementary fig. S3 ). Even though we only
 racke d j oin t kinema tics in this sim ula tion, m uscle ac-
 ivat ion p atterns rough l y fo l low empirica l EMG p at-
er ns, alt hough t he fe e dfo rward co nt rol st rategy did not
re dict ant icip a tory m uscle activ it y ( Supplementary fig .
4 ). Thus, desp i t e anat omic al simplific ations, our m ode l
 an prov ide me aningf ul insights into limb dynamics
nd coo rdinatio n. This is encouraging from the per-
pe ct iv e of ev ol u tio nary b io m echanics wh ere soft-tis s ue
at a are of t en limit e d ( Sel lers et a l. 2013 ; van Bijlert
t al. 2021 ; Bis h op et al. 2021 ), wit h t he cave at t hat
t may be r equir ed to investigate mu lt iple prescribe d
tr ide lengt hs for a given spe e d.
G iv en that pacing and trotting are equivalent when
sing a symmetric model with a pla na r constra int,
ur sim ula tio ns co r rect ly predicted a gait transi tio n
 Fig. 6 A) at the empirica l ly determine d t ransit ion spe e d
 Alexa nder a nd Jayes 1983 ). These t ransit ions occurre d
pontan eous ly, while keeping the cost function the
am e. Th e U-s hape d prog ressio ns o f the MC OT c urves
 ugges t pendul ar sav in gs durin g wa l king, and a se c-
nd o p t imum during p acing ( Fig. 6 D). The tölt was
 loca l ly o p t ima l gait in our simu lat io ns: töl ting had
ig her MC OT t han pacing (ne arl y sixfo ld higher at
.25 m s −1 , Fig. 6 C, D). The tölt is a f our-beat run, a nd
 colli sion al work p ersp ectiv e w ould predict low er costs
ha n f or pacing, a two-beat run ( Ruina et al. 2005 ). Re-
ent ly, four-be at tölting h a s been s h own to be costlier
 han two-be at running (p ace or t rot) in anima ls that
av e a relativ ely low whole-b o dy m om ent of in ertia in
 he s agitt al plan e, in cluding h orses ( Polet 2021 ). Al-
houg h MC O T of t öl ting ho rses h a s not be en dire ctly
ea sured, it h a s al so been estim at ed t o be higher than

 rott ing b ase d o n GRF p r ogr essions ( Wa ldern et a l.
015 ). G iv en the tölt’s status as a costlier, loca l ly o p t ima l
ai t, i t is ther efor e s ome wh at surpri sing th at we recov-
re d tölt-li k e ga its s e vera l t imes using both fe e dforward
 nd f e e db ack cont rol ( Figs. 5 , 6 , 8 ). Th e tölt ( Bikn evicius
t a l. 2004 ; Robi l liard et a l. 2007 ) h a s been s ugges t ed t o
nly be part of th e equin e locom ot or repert oire if a ge-
etic m uta tio n is p resen t tha t co des for sp e cific spina l
ircui try ( Andersso n et al. 2012 ). Ov erall, w e believ e the
 eurom e chanica l int r icacies of t he tölt war rant f urt her
 esear ch.
At high spe e ds, cursoria l m amm al s transi tio n fro m

y mmetric to asy mmetric gaits ( A lexan der an d Jayes
983 ), of ten attr ibut ed t o MCO T minimization ( Hoyt
nd Taylor 1981 ) or avoidance of peak musculos ke le-
al f orces ( Fa rley a nd Taylor 1991 ). We did n ot fin d
his seco nd gai t transi tio n when sim ula ting our com-
lex m ode l . We have present e d simu lat ion resu lts with
ost functions that minimized MCOT, but we also did
ot recover this transi tio n when we minimized peak
xci tatio ns (which we refer to as “fatigue”), a cost-
 unction t hat indirect ly minimizes pe ak muscle forces
 Ack erma nn a nd va n den Bogert 2010 ; Sr inivas an
011 ). We only found galloping by fir st searc hing for
uitab le so lutions in a simplified m ode l. Keeping cost
un ctions an d musculoten don pa ra met er s constant,
a l loping had slightly higher M COT tha n pacing in our
im ula tio ns ( Su pplementary fig. S8 ). Thi s m ay be due
o th e absen ce o f sp inal flexio n in our m ode l. In rigid-
 acke d m ode ls with te lescopic lim b act uat or s, t rott ing
nd ga l lopin g hav e simila r costs a nd top spe e ds ( Polet
 nd Bertra m 2019 ), but elas tic s tora ge in the s pinal
tructur es incr eases ga l loping e co no my ( Alexander et
l. 1985 ). How ev er, th e equin e literature is e quivoca l in
his r egar d: ga l lop ing is mo re eco no mical than trotting
n sta nda r dbr ed horses ( Minetti et al. 1999 ), but not in
onies ( Hoyt and Taylor 1981 ). Our m ode l’s fas tes t gal-
oping spe e d is li kely a lso limite d by the lack o f sp inal
exio n: equine l umbo-tho racic and cerv ic a l mobi lity
 Faber et al. 2000 ; Haussler et al. 2001 ; Gellman and
ertra m 2002 ) a n d associated en er gy-storin g structures
e .g., the nuc h al ligament) m ay be r equir ed for m ode l-
ng true m axim al effo rt gallop ing, as demo nst rate d in
impler qu adruped al m ode ls ( Yesilevs kiy et al. 2018 ).
ubstant ia l simplificat ions to the distal limb anatomy in
ur m ode l like ly a lso limite d top spe e d (di scu ssed in the
ext se ct ion).
Not recov erin g a pace to ga l lop t ransit ion in our com-
lex m ode l m ay al so be a limi tatio n o f the gradient-
 ase d o p t imizer use d in the fe e dfo rward co nt rol st rat-
gy. The cost l andsc ap e in high-sp e e d locomot ion h a s
any local o p tima, all w ith simil ar costs ( Polet and
ertram 2019 ), which likely explains why we recov-
re d many loca l o p tima across the t rot-ga l lop t ransi-
 ion spe e d ( Fig. 6 C, Supplementary fig. S8 ). Symmetric
n d asymm et ric leg coordinat ions may r epr esent two
 p tim a th at cannot ea si ly be bridge d using a gradient-
 ase d o p t imizer, espe cia l l y in comp lex m ode ls wh ere
 he se a rch space is la r g e. Tran si tio nal states between
he two gaits could have higher costs, preventing gradi-
nt o p timizer s from finding suc h a t ransit ion. A relate d
o mpu tatio nal ph en om en on i s di scu ssed in more depth
ls e where ( van Bijlert et al. 2024 ) (in re vie w).

ait selection and model simplifications

rom the p ersp e ct ive of m ode ling gait se le ct ion, the
ajo r limi tatio n o f the fe e dfo rward-co nt rol le d sim-
 lat ions wa s th at at spe e ds higher than 1.25 m s −1 ,
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sim ula ted str ide lengt hs were s h o rter than emp irica l ly
determined in horses, unless str ide lengt hs were explic-
i tly co nst raine d ( Fig. 6 A, B, a discrep ancy of 34%–42%
over the sele cte d ran g e). W hen co mpa ring M COT be-
tween th e un constrain ed an d constrain ed sim ula tions
( Fig. 6 D, E), it is clear that the empirica l ly determine d,
lon g er stride len gth s are local o p tima for o ur m ode l.
Thi s can al s o be obs erve d in our fe e db ack-cont rol le d
sim ula tions ( Fig. 8 ). Th us, while the sim ula tion s w e
have pr esented ar e bot h f u l l y muscle-dri ven and pre-
dictive, th e m ode l an d cont rol st rateg ies re quire fur-
th er refin em ents before th ey can confidently be used for
rigorous v irtu al experiments r egar ding gait sele ct ion of
horses. We wi l l di scu s s three pos sible reaso ns fo r this,
an d h ow w e hav e t rie d t o eliminat e th ose possi b ili ties.

Musculotendon parameters
A possible cause for the short stride len gth s in our
m ode l is our app roach fo r determining fiber and ten-
don slack len gth s. Muscu loskeleta l simu lat ions are very
sen sitiv e to the muscu lotendon p a ra met er s ( Charles et
al. 2022 ), an d th ese pa ra met er s oft en r equir e some tun-
ing so that m ode ls can gen era te adequa te forces over
joint ran g es re levant to locom otion ( Se l lers et a l. 2013 ).
Dire ctly using a l l t he empir ical fiber lengt hs (includ-
ing pennat ion) resu lte d in a p o or ly tun ed m ode l that
cou ld on ly wa l k with de ep l y flexed limbs. We con-
sidered this a failed sim ula tion, an d th er efor e do not
p resent i t. Presentin g a univ ersal tunin g m eth od that
wo rks fo r a l l m ode l s i s a n a mb i t ious go a l that we do
not a ttem pt here . Inst ead , we found joint tuning angles
t hrough exper iment at ion. The resu lt ing fiber lengths
s h ow a rea son able correspon den ce with empirical fiber
len gth s (see supplementary texts and Supplementary
data file S1 , s h eet 5), but we made no a ttem pt a t mod-
e ling th e high arc hit e ctura l co mplexi ty o f equine mus-
cles ( Brown et al. 2003 ; Payne et al. 2005a , 2005b ;
Wats on and Wils on 2007 ). Adding empirica l ly deter-
mine d j oin t kinema tics as an ext ra t racking cost during
sim ula tio ns demo nst rate d t hat t he muscles could gener-
ate the requisi te fo rces when using wide joint ex cursion s
( Supplementary fig. S3 ). How ev er, thi s wa s n ot th e op-
t ima l ga it f or our m ode l—MCOT wa s 2–3x a s high a s
the pacing gaits in Fig. 7 D, although a direct compari-
son is impossible due to the addit iona l terms in the cost
function.

Co mb ining n ear ly 75 m uscles in to t he 25 f unc-
t iona l g roups in our m ode l r epr esents a s ubs tant ia l
sim plifica tion, an d th ere is con sidera ble scope to in-
crea se an atomical accuracy by defining addi tio n al mu s-
cle groups. How ev er, t he st ate of th e equin e muscu-
la ture litera tur e curr ently pr ecludes this, since a com-
plete dataset is not available even if inter-bre e d differ-
en ces are ign ored. Acquiring a complete equine dataset
wou ld li kely improve our m ode l estimates. How ev er,
while me asur ing mu scle m a sses i s re lative ly st raight for-
wa rd, other a rc hit e ctura l m easurem ents are m ore chal-
len gin g to per for m accurat ely: fascic le lengt h me asure-
ments are very t ime-sensit ive due to the onset of rigor
( Bur kh older an d L ieber 2001 ), drying of t h e ten dons
a ffe ct the rest in g len gth s ( Gal to n an d Sh eph erd 2012 ),
an d th ese are com plica te d by the log ist ica l difficu lt ies
invo l ve d in disse ct ing a > 500 kg animal . Accurat e as-
sessments of the internal tendon len gth s w ould hav e to
be inc luded , and even if the relative lengths of individ-
ual fibers are measured v i a determinatio n o f sarco me-
ri al overl ap ( Bur kh older an d Lieber 2001 ), the sample
size would have to be impract ica l ly lar g e to account for
the lar g e dist ribut ion of absolute fiber len gth s within a
mu scle ( Ch arles et al. 2022 ). Mode ling th e highly spe-
cia lize d e quine muscu latur e ar c hit ectur e may pr ovide
f urt her cha l len g es: r epr esen ting 3D m u scles a s simple
pa th poin t Hill-actua t or s t ends t o overestimat e fiber ex-
cur sions ( B lemk er a n d De lp 2006 ), an d lar g e dev i a-
tio ns fro m archi te ctura l m easurem ents are som etim es
r equir ed t o accurat e ly m ode l h uman join t-angle mo-
m ent re lations hips ( van den Bogert et al. 1998 ).
We a re unawa re of deact ivat ion t ime con stants ev er

h aving been mea sured in a hor se , and given the nearly
twof old va riation in reported v max of horse muscles
( Rome et al. 1990 ; Marx et al . 2006 ; But c her et al. 2010 ),
e ven thes e dat a were not ide al inputs. How ev er, top
ga l loping spe e d in our m ode l (8.75 m s −1 in the main
m anu scrip t) co u ld a ls o be achie ved w ith t wo fold lo n g er
time constants than the base model (with only a 0.6%
increase in stride length), so we consider it un li kely that
these were a ffe ct ing our sim ula tions.

Model topology
We hav e con st raine d our m ode l to m ove across th e
s agitt al pl ane. Full-3D simul ations a re f e asible wit h t his
m ode l, but un li kely to add me aningf ul infor mation be-
cause we have m ode le d a l l j oints as hin g e joints per-
pendicular to the plane of motion. This seems to be
a rea son ab le simp lification, sin ce m ediolateral GRFs
are ins ubs tant ia l across the ent ire e quine spe e d ran g e
( Merkens et al. 1986 , 1993 ; Self Davies et al. 2019 ). We
also o p ted no t to model sc apul a r tra n slation s: to our
knowle dge, soft-t is s ue cons t raints on (e quine) scapu-
lar motion have never been measured, and simplifying
sc apul ar motion to a pure rotation provided acceptable
resu lts. It se ems un li kely t hat t hese sim plifica tions lim-
ite d the st ride len gth s, sin ce th e m ode l is clear l y ab le to
ado p t lon g er strides and jo int excursio ns c lose t o em-
piric al d ata ( Fig . 6 , Supplementary fig . S3 ).
In contrast, lack of dig ita l flexion in our m ode l could

have limite d st r ide lengt hs. Espe cia l ly at higher spe e ds,
h orses re ly on e lastic en ergy s tora ge in numerou s di stal
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en dons an d ligam ents ( Dim ery et al. 1986 ; B iew ener
998 ), but this has also been demonstrated at low
pe e d s ( Riemersm a et a l. 1988 ; van We eren et a l. 1992a ).
ow ev er, unlockin g the MTP joints did not result in

 ubs tant ia l ly lon g er stride len gth s in our sim ula tions
 Supplementary figs. S8 , S9 ).
Hors es als o have s e veral liga mentous a natomical f ea-

ures that we did not model. These include the “stay
 ppara tus” (a patellar loc king mec h ani sm to maintain
ni latera l kne e extension), the “r ecipr oca l app aratus”
ligamento us co uplin g betw een th e kn ee an d ankle an-
les), the lacertus fibrosus (a liga mentous ba nd that
xtends from the insertion of the biceps to cross the
arp a l j oint, aidin g wrist exten sion), the s us pensory
igaments (which resist hyperextensio n o f the MCP
 nd MTP joints, a nd a id swing-ph a se flexion), an d th e
 hec k ligaments (ligaments that attach directly onto
 he digit al flexo r tendo ns) ( Riemersma et al. 1988 ; van
eeren et al. 1992a ; van den Bogert and Sch amh ardt
993 ; B iew ener 1998 ; Wilson et al. 2001 ; Swanstrom
t al. 2005 ; Watson and Wilson 2007 ; Budras et al.
012 ; Us h erwo o d 2022 ). Thus, our m ode l cur rent ly
oes n ot in cl ude any passive-cou pling o r linkages that
ould have enabled low/n o muscle-wor k gait solutions
 Us h erwo o d 2022 ), or could have sim plified con trol. In-
l usio n o f these passive structures, including the spinal
tructur es pr eviou sly di scu sse d, cou ld resu l t in lo n g er
t rides be coming the o p t ima l sol u tio n. They would
i kely a lso re duce en ergy costs an d enable higher top
pe e ds thr ough mor e effe ct iv e pow er tran sfer and en-
rgy s tora ge ( Biewen er 1998 ), an d improve th e swing-
h a se beh avio r o f our m ode l. How ev er, m ode ling th ese
t ructures wou ld incre ase t he number of pa ra met er s
hat r equir e tuning, and some structures would r equir e
 ec hnical addi tio n s to existin g musculos ke letal simu-
at or s (e .g., accurat e ly m ode ling th e ch eck ligam ents
ou ld re quire the addi tio n o f b ranc hing t endons ( Fu et
l. 2024 )). Th e wor k h ere s ets a bas e lin e, a gains t which
u ture addi tio ns to our m ode l ca n be compa red.

im ulation a pproach
ait sele ct ion is a complex ph en om en on th at i s not
u l ly under st o o d ( Ijsp e ert and Da ley 2023 ), and it re-
a ins unclea r what cost functions are most ap pro priate

n sim ula tions ( Ack erma nn a nd va n den Bogert 2010 ;
r inivas an 2011 ; McD ona ld et a l. 2022 ; van Bijlert et a l.
024 ). Un li k e in huma n sim ula tions ( Ack erma nn a nd
an den Bogert 2010 ), MCOT as the main cost out-
er for me d a fat igue-b ase d cost funct ion in our simu-
ation s dependin g o n the ou tpu ts that are de eme d rele-
ant. Thi s i s why we o nly p resent ed MCO T-minimizing
im ula tions in the main manuscript (wit h t he exception
f the tracking sim ula tion). Str ide lengt hs at wa l king
pe e d were closer to empirical data ( Fig. 6 A), and we
oun d th e high es t s pe e ds for our m ode l using MCOT
s the main cost. Fatigue minimization resulted in
 ubs tant ia l ly shorter s trides, des pite also normalizing
y the distance t ravele d ( Supplementary fig. S5 ). Peak
usculos ke letal forces are thought to trigger gait tran-
i tio ns in horses ( Fa rley a nd Taylor 1991 ), but fatigue-
inimizat ion, which a lso minimizes pea k muscle forces

 Sr inivas an 2011 ), did not have this effect in our sim-
 lat ion s. How ev er, w e found that incl usio n o f the fa-
igue term in the cost function was necessary to in-
r ease for ce-sha ring a m ongst th e musc les in our trac k-
ng sim ula tio n ( Su pplementary figs. S3 , S4 ), a s h a s been
emonst rate d in human simu lat ions ( Ack erma nn a nd
an den Bogert 2010 ).
Short strides in our sim ula tions m ay al so h ave been

n unintended side-effect of scaling m a s sles s Hill-type
uscle m ode l ( Hi l l 1938 ; Zajac 1989 ). Sca le effe cts on
uscle functioning place une qua l dem and s on the lo-
o moto r perfo rmance o f sma l l a nd la r g e anim al s, al-
hough different accountings for the mech ani sms ex-
st ( Scholz et al. 2006 ; Us h erwo o d and G ladm an 2020 ;
abonte et al. 2024 ). Many of these effects are accounted
or in our sim ula tions, such as effects of ge ar ing and
he “p arasit ic” work per for me d by g rav it y ( Scholz et
l . 2006 ; Labont e et al . 2024 ). How ev er, there is an in-
 riguing possibi lity that m ode ling mu scles a s m a s sles s
ctuat or s, a s i s cur rent ly st a nda rd practice ( Soest and
o b bert 1993 ; van den Bogert et al . 1998 ; Ac k erma nn
 nd va n den Bogert 2010 ; Sel lers et a l. 2013 ; Bis h op et
l. 2021 ; van Bijlert et al. 2024 ), unduly overestimates
he cont ract i le perf orma nce of a nimals w ith l ar g e mus-
les ( Günther et al. 2012 ; Ross et al. 2018 ; Labonte et al.
024 ). In an animal as lar g e as a hor se , we may thus be
nderest imat ing the costs of high cont ract i le fre quen-
ies and shorter strides.
Sim ula ted uncertain t y (e.g ., perturb at ions) ca n a ffect

he o p t ima l muscle act ivat ion p atterns ( Koe lewijn an d
an den Bogert 2022 ). Lack of sim ula ted uncertain ty
ay provide an explanation for why we did not predict

 ny a nt icip ato ry firing ( Su pp lementary fig. S4 ). A co l-
i sion al work p ersp e ct ive ( Ruina et al. 2005 ) could sug-
est that s h ort str ides were t he resul t o f ground co ntacts
hat were too dissip at ive—b ut bo t h incre asing and de-
re asing t he dissip at ion and friction pa ra met er s in the
ontact m ode l did n o t ap preciab l y a ffe ct st r ide lengt hs
n our direct collocation exper iments. Alt hough we
ave sea rched f or ma ny different o p tim a, a factor th at i s
 lways cha l leng ing to rule out i s th at we simp l y did not
ry sufficiently varied initial guesses to find o p tima with
on g er stride len gth s. One strategy that was uns ucces s-
ul in finding gaits with lon g er stride len gth s was to use
ol u tio ns wi th p rescribe d st r ide lengt hs (e.g., Fig. 6 B) as

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae095#supplementary-data
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the init ia l guess fo r unco nst raine d simu lat ions—these
a lways reverte d to s h ort str ides, bot h in pacing and gal-
loping sim ula tions.

Applications of our model

Because we int end t o use our model for fundamen-
t al gait rese arch, w e hav e focused on its pre dict ive ca-
p abi lit ies. Sin ce th er e ar e n o gait m easurem ents di-
re ctly being t racke d, pre dict ive simu lat ion s g enera l ly
r equir e very sophisticated control approach es, an d are
v ery sen sitiv e to tunin g is s ues. These hurdles can be
avo ided to so me ext ent in inver se dynamics or track-
ing sim ula tio ns, demo nst rate d by the improved kine-
matics when adding a tracking term to the cost func-
tio n ( Su pplementa ry fig. S3 ). Unf ortunately, un li ke in
h uman sim ula tion s ( Harala bidis et al. 2021 ), in ani-
ma l simu lat ion s w e cannot rely o n jo int dynamo me-
try to improve musculotendon pa ra met er s. Neverthe-
less, there is con sidera ble scope to add trac king t erms
such as 3D kinematics, GRFs, acti vations deri ved from
EMGs ( Dembia et a l. 2020 ; Hara labidis et al. 2021 ; Fox
2024 ), a nd such a n alyses m ay infor m f urt her addi tio ns
an d refin em ents to th e m ode l. Alth ough thi s wa s not
t he pr imary go a l of t he cur rent study, our m ode l can
th us poten t ia l ly be a very usefu l t ool in vet erinary di-
a gnos tics, as c linicians oft en have access t o kinemat-
ics and GRFs ( Serra Bragança et al. 2018 ). High-fidelity
m ode l s h ave a lready be en use d to simu late the effects
of cert ain pat hologies in equine loco motio n ( van den
Bogert and Sch amh ar dt 1993 ; Swanstr om et al. 2005 ).
Co mb ined wi t h t he pre dict ive, o p t ima l cont rol frame-
work applied here, in future wo rk i t may be feasible to
sim ula te com pensa tory whole-b o dy m ovem ents in re-
sp onse to lo com otor path ologies. More gen erally, we
believe rea list ic physics simu lat ions c an pl ay a role in
re ducing anima l use, as a t eac hing t ool an d wh en gen-
erating v isu al effects f or the movie and video game
industries.

To aid these an d oth er a pplica tion s, w e hav e made our
m ode l an d sim ula tio n scri pts fre ely avai lable in mu l-
ti ple fo rmats o n our p roj e ct p age , inc luding an exten-
sib le code temp late that per for ms t he presente d t rack-
ing sim ula tion. To increase adaptab ili ty and extensibil-
ity, our m ode l in cludes m ore joints than we used for
the sim ula tions in this proj e ct. This includes MCP, neck,
a nd atla nto-occi p i ta l j o ints ( Fig. 1 ). Fu ture wo rk could
thus be focused on inv estigatin g the me chanica l effe cts
of n eck m otions, an d passive ly coupled motions in the
distal limb.

Conclusion
We have int roduce d a new musculos ke letal m ode l of
th e h orse that we have made o pen-so urce. To o ur
knowledg e, w e hav e present ed the fir st pre dict ive, fu l ly
m uscle-driven sim ula tio ns o f equine loco motio n. To set
a base lin e fo r fu ture wo r k, th e go a l of this study was
to sim ula te a horse m ode l that does n ot in clude many
o f the anato mica l spe cia lizat ions known in horse dis-
t al limbs. D esp i te these sim plifica tion s, w e w ere a ble to
capture many of the general features present in the gaits
o f ho rses and other m amm al s, including reali stic foot-
fa l ls, g r ound r eactio n fo rces, and o ne o f the two ma-
jo r gai t transi tio n s. In a trackin g sim ula tion, th e m ode l
ado p te d j oint angle dev i ations c lose t o t hose empir ica l ly
determined in hors es. Thes e findings demonstrate the
potent ia l of the model developed here, both from a fun-
damenta l but a lso a clinica l p ersp e ct iv e. How ev er, un-
less exp licitl y prescribed in the cont rol ler, st ride len gth s
in our sim ula tion s w ere s ubs tant ia l ly s h orter than em-
pirica l ly determine d, s ugges ting that we are cur rent ly
not able to accurately model a l l aspe cts o f gai t selec-
tio n. Co n sidera ble improv ements could be made to the
muscu lotendon p a ra met er s of the model once a com-
plete dataset becomes ava ilable, a n d th e in cl usio n o f ad-
di tio nal jo ints a nd liga ments may be r equir ed to find
a spontaneous trot to gallop transi tio n. Desp i te these
limi tatio n s, w e hav e s ucces sfu l ly p rod uce d both fe e d-
f orwa rd a nd f e e db ack-cont rol le d simu lat io ns o f ho rse
gaits, which wi l l for m t he ba si s o f fu tur e neur omechan-
ica l simu lat ion studies.
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