
Badri-Spröwitz et al., Sci. Robot. 7, eabg4055 (2022)     16 March 2022

S C I E N C E  R O B O T I C S  |  R E S E A R C H  A R T I C L E

1 of 16

A N I M A L  R O B O T S

BirdBot achieves energy-efficient gait with minimal 
control using avian-inspired leg clutching
Alexander Badri-Spröwitz1*†, Alborz Aghamaleki Sarvestani1†, Metin Sitti2,3,4, Monica A. Daley5,6

Designers of legged robots are challenged with creating mechanisms that allow energy-efficient locomotion with 
robust and minimalistic control. Sources of high energy costs in legged robots include the rapid loading and high 
forces required to support the robot’s mass during stance and the rapid cycling of the leg’s state between stance 
and swing phases. Here, we demonstrate an avian-inspired robot leg design, BirdBot, that challenges the reliance 
on rapid feedback control for joint coordination and replaces active control with intrinsic, mechanical coupling, 
reminiscent of a self-engaging and disengaging clutch. A spring tendon network rapidly switches the leg’s slack 
segments into a loadable state at touchdown, distributes load among joints, enables rapid disengagement at toe-off 
through elastically stored energy, and coordinates swing leg flexion. A bistable joint mediates the spring tendon 
network’s disengagement at the end of stance, powered by stance phase leg angle progression. We show reduced 
knee-flexing torque to a 10th of what is required for a nonclutching, parallel-elastic leg design with the same 
kinematics, whereas spring-based compliance extends the leg in stance phase. These mechanisms enable bipedal 
locomotion with four robot actuators under feedforward control, with high energy efficiency. The robot offers a 
physical model demonstration of an avian-inspired, multiarticular elastic coupling mechanism that can achieve 
self-stable, robust, and economic legged locomotion with simple control and no sensory feedback. The proposed 
design is scalable, allowing the design of large legged robots. BirdBot demonstrates a mechanism for self-engaging 
and disengaging parallel elastic legs that are contact-triggered by the foot’s own lever-arm action.

INTRODUCTION
Agile legged locomotion in robots remains a challenge at the frontiers 
of science (1–4). No current bipedal robot can run quickly, untethered, 
in natural environments over long distances. However, these activ-
ities are commonplace for terrestrial animals. Despite the apparent 
agility of running animals, legged locomotion is complex and requires 
robust control of leg-substrate interaction forces in the face of terrain 
variation and sensorimotor noise (5–8). Innovation is needed to de-
sign legged robots that achieve low energy consumption locomotion 
(9) with robust mechanics and simple control. For operational 
robustness, the system should be able to deal with external pertur-
bations that occur faster than communication delays and actuator 
response times (10). Hence, systems should minimize dependence 
on communication speed and sensor quality.

In biological systems, the prevailing theory suggests that legged 
animals coordinate joint actuation through antagonistic pairs of 
muscles controlled by spinal sensorimotor circuits, functioning as 
“myotatic units” (Fig. 1B) (11–15). The myotatic unit concept is 
mimicked in robotics through the control of joint extension and 
flexion by separate actuators at each joint. Joint actuation is typically 
controlled through complex, optimized algorithms that rely on 
internal robot models and rapid sensory feedback loops (16). Phase 
transitions are controlled through contact and load sensors at the 
feet or within the leg structure (17), or as “proprioceptive” sensing 
within the actuator’s electrical circuits (18). With fast sensory feedback 

and communication, robots can smoothly transition through the gait 
cycle and react to unforeseen perturbations (19, 20). However, the 
robustness and agility of legged robots remain limited. Paradoxically, 
animals vastly outperform current robots despite considerably slower 
sensing and information transfer rates (10, 21, 22).

Previous evidence suggests the potential for embodied, intrinsic 
mechanics and interjoint mechanical coupling in vertebrates’ legs 
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Movie 1. Overview of BirdBot. The robot is inspired by the multijoint, elastic ten-
don mechanism of the lower leg in large birds.
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to simplify control (6, 23–32). Multiarticular muscle-tendon coupling 
can facilitate energy transfer between joints and improve efficiency 
by allowing muscles to work closer to optimal length and velocity 
(33–36). Nonetheless, the role of multiarticular mechanisms in the 
control of animal locomotion remains poorly understood. A chal-
lenge for demonstrating the role of embodied, intrinsic mechanics 
in animal locomotion is that both active neural and intrinsic me-
chanical control occur simultaneously (5, 7, 37, 38). This makes it 

nearly impossible to disentangle the con-
tributions of each. Robot experiments 
provide an opportunity to directly demon-
strate the function of intrinsic mechan-
ical coupling, using a physical model of 
the salient musculoskeletal features to test 
hypotheses about biological function while 
also inspiring innovations in robot leg 
design (2, 39).

BirdBot showcases a foot contact- 
based, self-engaging leg spring clutch 
mechanism (Movie 1). It is minimally 
actuated with two actuators per leg—
hip joint protraction and retraction and 
knee flexion actuators—controlled in 
feedforward mode. BirdBot builds upon 
established mechanisms and principles 
including cable-and-pulley– driven ac-
tuation, tendons routed over multi-
ple joints (“multiarticular” tendons), 
clutching of leg forces, parallel and se-
ries leg elasticity during stance, and 
slack leg joints during swing. BirdBot’s 
clutching mechanism engages and dis-
engages robustly with no feedback con-
trol. Our design framework demonstrates 
how intrinsic leg mechanics can enable 
self-stable and economical gait with con-
sistent phase transitions that are robust 
to variation under initial conditions.

Many legged animals show coupled 
joint kinematics, mediated by multiar-
ticular muscle-tendon units, suggesting 
that such mechanisms are an essential 
feature of leg design and control in ter-
restrial animals (31, 36, 40, 41). Passive 
mechanical coupling of joints through 
multiarticular muscle-tendons without ac-
tive central nervous system control has 
been directly observed in frogs, horses, 
and ratites (23, 24, 31, 40). Bioinspired 
robots and exoskeletons have demon-
strated functional benefits of coupled joints 
by creating analogous structures using 
spring-loaded four-bar, pantograph, and 
multiarticular cable mechanisms (42–47). 
Multiarticular mechanisms enable light-
weight leg designs, with the heavy actuators 
mounted proximally. For example, the 
Spring Flamingo robot has series elas-
tic actuators in its trunk, with leg joints 

actuated by long tendons routed over pulleys (48). Such mechanically 
elastic legs also mimic the spring-like function observed in animal 
gaits (45, 48–51). The MIT Cheetah robot’s leg mounts a stiff belt as 
an Achilles tendon spanning multiple joints in a tensegrity structure, 
which maximizes the leg’s strength to weight ratio (52). Kurokawa 
et al. (53) designed a biarticular mechanism that couples ankle and 
toe movement, enabling transfer of energy between leg joints for 
jumping. Mechanically coupled actuators can reduce overall work 
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Fig. 1. Biologically inspired design of BirdBot’s leg. (A) Major muscle-tendon networks that contribute to coordi-
nated stance leg extension and weight support in large ratite birds such as emus and ostriches. Figure inspired from 
(61). (B) Classic theory suggests that joints are coordinated by flexor-extensor pairs at each joint, acting as myotatic 
units. However, in birds, distal joints are actuated by a multiarticular musculotendon network. Figure modified from 
(126). (C) Mechanical analysis demonstrates that a solution exists for a single, multiarticular tendon to support stance 
loads and allow the leg to be fully flexed for swing. The increase in arclength from knee and ankle flexion is balanced 
by the shortened arclength at the distal distal joints, with tendon slack at the distal joints. The change from stance to 
swing configuration requires no net change in length, so it is feasible for a muscle acting in series to contract isomet-
rically. (D) In BirdBot’s leg design, we dimensioned all but the most distal pulleys to balance the external joint moment 
(FVL d) against internal joint moment (FGST rN). All joints share an equal global tendon force FGST. The distal pulley radius 
is 0.5 times of the nominal pulley radius rN. The underbalanced distal joint results in rapid digital extension into a flat-foot 
position under load. (E) Together, the multiarticular tendon and pulley design create a self-engaging clutch for the 
stance leg, which provides bodyweight support and distributes force and power among the joints. The foot’s lever- 
action mechanically releases and slacks the multiarticular tendon in swing phase. BirdBot’s leg design enables bipedal 
locomotion with minimalistic feedforward control.
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and force demands and thereby improve energy efficiency in 
robots, exoskeletons, and prosthetic devices (54, 55).

Our approach also draws inspiration from research in passive 
mechanical walking robots that demonstrate locomotion princi-
ples with either no actuation or minimal actuation under open loop 
control. Purely mechanical walkers convert potential energy from a 
slope into center of mass and swing leg motion (56). Related min-
imally actuated walkers achieve the lowest cost of transport (COT) 
among legged walking machines (57). Mechanical walkers and 
their models illustrate principles for economic walking by identi-
fying sources of energy loss and fluctuation, including inelastic colli-
sions between the foot and the ground, redirecting the center of mass 
velocity at foot impact, achieving ground clearance during for-
ward leg swing, carrying the robot’s weight during stance, and joint 
friction (56–60). Although exceptionally energy efficient, passive 
mechanical walking robots remain limited to flat, smooth terrain, 
and their stability is sensitive to initial conditions and small per-
turbations. They have low foot-ground clearance, and even small 
perturbations such as bouncing joint locks can be destabilizing (59).

In this study, we test the hypothesis that an avian-inspired linkage 
mechanism can replace most of the neural circuitry required to 
control leg trajectory and transitions between stance and swing 
phases (Fig. 1). In an iterative design process, we developed a multi-
joint linkage mechanism fully integrated into a bipedal robot’s legs 
that achieves consistent interjoint coordination and rapid, automatic 
phase transitions between stance and swing. The leg design was in-
spired by the muscle-tendon units of large ratite birds, such as the 
emu (Dromaius novaehollandiae) and ostriches (Struthio species), 
but the abstracted structural elements are common among ground- 
moving birds (6, 23, 24, 30, 61–67). A multiarticular spring network 
guides the leg trajectory and provides a rapid transition between 
stance and swing using a mechanism reminiscent of a self-engaging 
and disengaging clutch. We demonstrated the leg mechanism on a 
treadmill, held by a four-bar guide that allows free vertical and fore-aft 
horizontal translations but limits sideways translation, pitch, yaw, 
and roll. We documented the design process, mechanical features, 
and locomotor dynamics of BirdBot, which embodies mechanics 
and control elements conceived according to anatomical and func-
tional features of avian locomotion (6, 24, 67).

RESULTS
We used a robot leg design as a physical model to test the hypothesis 
that a rigorously designed multiarticular spring tendon network can 
fully support locomotor loads during stance, coordinate the transfer 
of mechanical load among the joints, and enable automatic stance/
swing phase transitions (Fig. 1). The distal segment’s (foot) lever 
action and a global spring tendon (GST) automatically switch the 
leg’s joints into a loadable state during touchdown and mechanically 
distribute torques among joints during stance (Fig. 1D). A dedicated 
tendon disengagement mechanism supports stance-to-swing tran-
sition during toe-off by actuating a snap-through (bistable) joint 
using elastically stored energy. The GST and the compliant four-bar 
linkage couple leg joints into coordinated leg flexion during swing 
and rapidly create foot ground clearance for swift leg protraction. 
BirdBot was designed as a proof-of-concept planarized bipedal 
robot, with high-geared (200:1 ratio), brushed-motor actuators that 
enable moderate frequencies and speeds [Froude number Fr = 
v2/(gl) = (0.75 m/s)2/(9.81 m/s2 · 0.29 m) = 0.20], but not fast running. 

The bioinspired features, design process, and resulting gait mechanics 
are detailed below.

We measured the joint angular coupling in an emu cadaver 
leg by manually moving the tibiotarsus in an unloaded leg while 
observing the coupled flexion and extension of the ankle and 
tarsometatarso-phalangeal (TMP) joints (Fig. 2, A to C). Upon 
manually flexing and extending the ankle joint j2, we measured 
coupled motions at the TMP joint j3. Strong coupled motion be-
tween the ankle and TMP is evidence based on an observed correla-
tion coefficient of 0.96 for extension and 0.99 for flexion (Fig. 2C). 
In our measurements, the mechanical coupling arose only from 
passive tissue elasticity because the central nervous system was 
inactive. Sources of passive tissue connectivity in the avian limb 
include the proximal origins of major ankle extensors and digital 
flexors from the patellar tendofascial sheet at the knee (68), and 
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Fig. 2. Mechanical coupling of distal joints in the ratite leg. (A) In the running 
ratite birds, the digits are digital-flexed in swing and digital-extended upon knee 
extension in preparation for stance. (B) The distal avian hindlimb exhibits passive 
mechanical joint coupling, which can be determined by manually flexing and 
extending the ankle joint, j2, and measuring coupled motions at the TMP joint, j3. 
(C) Strong coupling exists between the two joints in both flexion and extension, 
demonstrated by correlation coefficients of r = 0.99 and r = 0.96, respectively.
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ligament connectivity between distal joints including the intertarsal 
joint (Fig. 1A) (23, 24). In particular, Schaller et al. (24) observed an 
ankle-locking mechanism based on ligament interactions in ostrich 
legs, although it remains unclear whether these passive structures 
alone can fully support body weight in these animals.

To enable a rigorous approach for designing a ratite-inspired 
tendon network, we initially “linearized” many of the biologically 
relevant structures. That is, we assumed constant pulley radii and 
simple hinge joints (Fig. 1, D and E), in place of nonlinear curved 
sesamoid surfaces and bone surface interactions that lead to a 
complex, translating center of rotation. Nonetheless, the robot tendon 
network retains the essential connectivity features of the avian limb. 
The spring tendon network is designed to establish coupled joint 
kinematics in swing phase, to flex all joints to provide ground clear-
ance, to engage the global leg spring upon loading into stance phase, 
to support body weight and distribute torque and power among 
joints during stance, and to disengage at the end of stance and rapidly 
transition the leg into the swing phase. The joint coupling during 
stance distributes the load among the individual joints, without the 
danger of catastrophic collapse at any single joint, and supports com-
pliant leg compression under load for elastic energy cycling (49).

To achieve these mechanical features, we first introduced a 
single multiarticular spring tendon structure connecting all leg joints 
(Fig. 1C). We designed a z-like leg structure (Fig. 1, D and E) 
commonly observed in vertebrates (69–71). We further assumed a 
planar configuration, without off-plane influence. Pulley radii rjx of 
joint jx were calculated to establish an equal effective mechanical 
advantage (EMA) (72) for all joints sharing the same multiarticular 
spring tendon (“GST”), with a force magnitude of  ‖   → F    GST  ‖ 

  ‖   → F    VL  ‖ ⋅  d  jx   = ‖   → F    GST  ‖ ⋅  r  jx    (1)

   r  jx   =   
‖   → F    VL  ‖ ⋅  d  jx   ─ 

‖   → F    GST  ‖
    (2)

where     → F    VL    is the force along the virtual leg direction lVL (Fig. 1D) 
and djx is the shortest distance between joint jx and the virtual leg 
lVL. Equation 1 balances joints j1 and j2 equally. For the shown, 
EMA-balanced configuration in Fig. 1 (D and E) and a given a 
virtual leg length change, these joint’s angles change equally. Each 
joint’s torque balance depends on its pulley’s radius and the joint’s 
perpendicular distance to the virtual axis.

Next, we introduced an imbalance between the torque loading of 
the distal joint jdistal (external) and its extension torque (internal). The 
imbalance serves to securely and compliantly “lock” the leg struc-
ture under external load  ‖   → F    VL  ‖ > 0 . The imbalance was achieved by 
underdimensioning the most distal joint’s pulley radius relative to 
its nominal (balanced) value. In place of an EMA-balanced pulley 
(Eq. 1) with nominal radius (rN), an “underbalanced” pulley with 
half the EMA-balancing radius was mounted

   r  und   =    r  N   ─ 2    (3)

  ‖   → F    VL  ‖ ⋅  d  j,distal   > ‖   → F    GST  ‖ ⋅  r  und    (4)

The underbalanced joint deflected faster compared with the bal-
anced joints. Consequently, when the leg was loaded, the distal joint 
rapidly collapsed until the most distal segment touched the ground 
to establish a flat, foot-style contact (movie S7).

With the selected global spring’s stiffness, the leg deflected by 
10% under three body weights, approximate to that observed in 
legged animals (73–75). The resulting leg structure was balanced for 
static load but would destabilize when transitioned between leg pos-
tures or when torques were applied. Therefore, we further stabilized 
the leg by embedding a spring-loaded pantograph mechanism into 
the z-shaped leg structure (Figs. 1E and 3A), which also provides 
compliance in leg angle direction, benefiting energy economy (76).

The GST coordinates the motion of all four leg joints during stance 
phase and rapid transitions to a slack, flexed position in swing 
(Figs. 3 and 4 and movie S7). When unloaded, the distal joint is re-
leased from its clutched, digital-extended position (Fig. 5). The GST 
becomes slack and detached from the distal pulley, and all leg joints 
become loose. A central pattern generator (CPG) swing controller 
(Eq. 9 and fig. S1) commands the knee actuator to flex the knee joint 
j1, leading to coordinated flexion of all four joints, coupled by the 
multiarticular and the compliant pantograph. Simultaneously, distal 
joints j3 and j4 rapidly rotate from their digital-extended position 
during stance to a pronounced digital flexion in swing, akin to 
the tarsometatarsus stance-to-swing phase kinematics in running 
birds (62, 63).

Thus, active knee flexion causes all four joints to rapidly flex 
toward mid-swing, shortening the leg length for maximum ground 
clearance (Fig. 4C). The shortened swing leg also reduces the hip 
torque required to accelerate the leg forward during protraction.

The amount of leg flexion depends on the length of the GST re-
leased by the joint j4 digital flexion. Suppose that the multiarticular 
tendon is wrapped around the pulley of joint j4 (Fig. 4B). In that case, 
joint j3-j4 digital flexion creates insufficient tendon slack to sub-
stantially shorten the leg. The distal tendons of ratite birds such as 
emus and ostriches are routed in sheaths (77) that permit substan-
tial off-joint motion during digital flexion, which we also observed 
in cadaver dissection (Fig. 4A). We mimic the bird’s sheath mor-
phology with a tendon catch (Fig. 4, C and D, and fig. S7) for the 
otherwise loosely mounted multiarticular tendon. The tendon catch 
allows for substantial tendon slack during digital flexion and guides 
the tendon back onto its pulley after digital flexion.

An ideal swing-to-stance transition involves a rapid switch from 
a slack swing leg to an engaged, load-carrying stance leg that sup-
ports body weight and cycles elastic energy. In the late swing phase, 
the leg length actuator stops flexing the knee joint j1, which effec-
tively lengthens the leg as a result of gravity and the leg’s angular 
momentum. Two distal, biarticular tendons (digit-1 extensor and 
digit-2 extensor; Fig. 3B) couple the ankle j2 extension to the rota-
tion of the distal joints j3 and j4, into their digital-extended position 
(Fig. 6A). At the leg’s most forward position and while still in air, all 
leg joints are extended (Fig. 6A, still frame t = 0.08 s). Next, the hip 
actuator pulls the leg backward, into touchdown. As soon as the foot 
contacts the ground, the GST propagates back the joint j4 lever 
action to all leg joints. The leg is again locked as a springy strut and 
ready to carry high mechanical loads throughout stance phase.

An ideal stance-to-swing transition involves a rapid switch from 
a load-carrying leg to a configuration with all joints slack, allowing 
rapid leg shortening with low resistance to create ground clearance. 
In practice, the GST clutching mechanism disengages under the fol-
lowing conditions. The global spring reaches its slack length, which 
occurs when the leg reaches the disengagement angle (Fig. 5A), and 
the foot rotates from a digital-extended position to a digital-flexed 
position to release the GST. Alternatively, disengagement can be 
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forced through actuation of the distal joint j3 (fig. S11B). At fast 
speeds, the feedforward actuation patterns cycle the leg length 
through clutch engagement, mid-stance, and take-off lengths, with 
the leg lifting off the ground through the robot’s momentum. How-
ever, at lower speeds, the momentum is insufficient to drive foot 
lift-off. Consequently, with a digital-extended foot coupled to the 
global spring through the GST, the foot remains in contact with the 
GST clutching mechanism engaged. Rotating the foot into a vertical 

orientation with j3 > 180° angle will re-
liably disengage the clutch and allow 
shortening of the slacked leg (fig. S12A). 
To enable end-stance disengagement 
with minimal leg work, our aim was to 
avoid raising the foot to disengage the 
leg spring. Instead, we added a joint j3 
with a disengagement mechanism medi-
ated by a distally mounted, biarticular 
tendon [“disengagement flexor tendon” 
(DFT); Fig. 5C and fig. S12B]. The tendon- 
based disengagement mechanism reduces 
the work and power required for leg 
disengagement and works as follows. 
During stance phase, a joint j3 hard 
stop only allows joint angles above 160° 
close to its snap-through angle (Fig. 5C). 
A biarticular DFT wraps around the 
joints j3 and j4 (Fig. 5C, DFT, orange 
tendon). The joint j4 loads the DFT 
increasingly during stance phase with 
its joint flexing action. In late stance, 
the DFT’s force pushes the joint j3 over 
its snap-through angle of 180°. Collaps-
ing joint j3 also slacks the in-parallel 
GST, which then rapidly slacks all re-
maining joints into the swing leg con-
figuration (Figs. 4C and 6F and fig. S1).

Both actuators are feedforward con-
trolled by a CPG with two outputs that 
are interpreted as commanded hip angle 
and knee angle over time (Eqs. 13 to 
16). The hip actuator directly actuates 
both directions, leg protraction and re-
traction, whereas the knee actuator trans-
mits flexion torques but no extension 
torque (fig. S1). The hip output is a sine-
like pattern with amplitude Ah oscillat-
ing around the femur angle offset Oh. A 
commanded duty factor adjusts the ra-
tio of swing and stance duration; a duty 
factor of 0.6 commands a stance phase 
of 60% of total cycle time. We observe 
emergent gait patterns with the robot 
foot already in the air when the femur 
angle switches from protraction to re-
traction (end of the commanded swing 
phase). Consequently, just before touch-
down, the hip actuator retracts the leg 
briefly in air. Similar end-swing charac-
teristics have been shown in underactu-

ated robots with strong natural dynamics (45). BirdBot’s observed 
duty factor is 0.49 at a stride frequency of 1.5 Hz (Fig. 6B). In stance, 
the hip actuator continues to retract the stance leg, propelling the 
robot forward. As the hip actuator reaches its most posterior angle, 
leg spring disengagement occurs. The knee actuator starts flex-
ing the knee at the time of leg spring disengagement and, upon 
disengagement, rapidly flexes the entire leg into the raised swing-
leg configuration. The knee actuator starts to release the knee joint 

Fig. 3. BirdBot leg design and spring tendon network. (A) Computer-aided design drawing of BirdBot. The panto-
graph spring (spring-12p) is mounted as one-directional elasticity, and the global spring tensions the global multiar-
ticular tendon. Tendon lengths are individually adjusted. (B) The GST not only functionally acts across four joints (j1 
to j4) but is also guided over hip joint j0. The GST is implemented as two tendons, proximal and distal, connected in 
the ankle j2 pulley, with different pulley radii. The knee flexor tendon (blue) connects the knee flexion actuator with 
the tibiotarsus segment, to elevate and shorten the leg during swing. The digit extensors (dark and light green for 
digit-1 and digit-2) are coupled to ankle j2 action—extension of the ankle pulls both digits into a digital-extended 
position. The DFT (orange) spans joints j3 and j4 and is actuated by the stance rotation of joint j4 to apply a buckling 
force at the bistable joint j3 at toe-off to disengage the GST. (C) Photo of the BirdBot prototype in side-view, overlaid 
scale bar. BirdBot’s hip height is 0.29 m. (D) Experimental setup: treadmill and robot sensor acquisition system. We set 
gait control parameters through a physical control interface. BirdBot was guided by a four-bar mechanism to con-
strain pitching, while allowing free fore-aft and vertical translations.
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around mid-swing, and the leg reex-
tends toward the ground. Full leg length 
is reached at the end of the command-
ed swing phase, with the leg still in the 
air and the digital joints extended.

At a 1.5-Hz stride frequency, BirdBot 
reaches a speed of 0.75 m/s (Froude 
number Fr = 0.20). In stance phase, a 
peak retraction torque (leg angle direc-
tion) of −1.70 ± 0.05 N·m [confidence 
interval (CI)] occurred just before mid-
stance (Fig. 6C). During swing phase, 
the leg angle torque fluctuated between 
0.5 N·m at in-air protraction and −0.5 N·m 
at in-air leg retraction about one-third 
of the applied leg angle torque during 
stance (table S5). The torque flexing the 
knee joint during swing phase reached 
a maximum of 0.31 ± 0.03 N·m (CI; 
Fig. 6E, solid line), caused by dynamics 
of lifting the slack lower leg. This peak 
torque is comparable in magnitude to 
the knee-flexing torque required during 
standing (0.09 N·m statically applied 
torque; fig. S4 and table S5). In Fig. 6E, 
we also compare the knee flexing torque 

of BirdBot with that of a modeled robot with the same morphology 
but a permanently engaged (nonclutching) knee spring, similar to 
(45). With the additional torque required by the constantly engaged, 
in-parallel knee spring, the actuator would require 3.7 N·m of torque, 
or more than 10 times the measured torque of BirdBot’s knee, as-
suming the same knee joint j1 kinematics (Fig. 6G, dashed line, and 
table S5).

In Fig. 6B, we observe signs of power amplification in the distal 
tendon work profile, indicated by an asymmetric rate of elastic 
energy storage and release (78). Specifically, the biarticular DFT 
stored 0.037 ± 0.001 J (CI) elastic energy in the first 82% of the stance 
phase and released it in the remaining 18% of stance phase, corre-
sponding to an asymmetry ratio of 4.6:1. In comparison, the multi-
articular GST stored and released 0.34 ± 0.02 J (CI), on average, about 
nine times the DFT energy, with relatively symmetric timing around 
the peak (Fig. 6D and table S3). BirdBot’s combined actuators drew 
in average 15.7 ± 0.4 W and 16.8 ± 0.4 W of electrical net power at 
1.0- and 1.5-Hz locomotion, respectively (table S4). The instantaneous 
electrical power consumption of the hip actuator shows one distinct 
peak at stance-phase leg retraction (Fig. 7B). The power consumption 
of the knee actuator peaked twice, following the step-like knee flex-
ion and extension CPG signal (Fig. 7A and fig. S1,   A  K   ). According 
to Eq. 7, the COT of a natural runner with BirdBot’s weight is 1.45 
(table S1), and the robot’s power consumption at a speed of v = 
0.75 m/s corresponds to a net COT of 1.32. It is notoriously hard to 
compare COT among robots—numerous factors can influence COT 
including use of mechanical guides (planar four-bar mechanism, ro-
tating boom), varied walking substrate (laboratory surface, treadmill, 
and outside terrain), power supply (onboard and tethered), con-
trol (on-board and remove), motor type (brushes and brushless), gearing, 
and robot size. BirdBot is guided in-plane by a four-bar while walking 
on a treadmill, with a pitch-locked trunk, actuated by brushed and 
high-geared motors, and powered and controller by tether. A freely 

Fig. 4. Enabling tendon slack for low-resistance flexion in swing. (A) The distal tendons in the emu and ostrich 
ratites move loosely within their sheaths at the TMP joint during digital flexion (77). (B) At the transition from stance 
to swing, j3 and j4 undergo large digital flexion, which releases the global tendon (GT) length needed to flex the 
ankle j2 and knee j1. The global tendon can be guided by direct tendon wrapping as shown. However, tight wrapping 
only releases tendon proportionally to digital flexion angles. Further leg flexion will then load the global spring (GS), 
which we want to avoid. (C) We mimic biological tendon slacking in the robot leg with a detachment and realignment 
“tendon catch” mechanism at joint j3. This allows full leg flexion without loading the global spring, to achieve low 
resistance knee flexion without feedback control. (D) Mechanism detail: In swing (joint j3 flexed), the global tendon 
detaches from the j3 pulley. The detachment creates enough tendon slack for full leg shortening.

Fig. 5. End stance disengagement. We experimentally measured the disengagement 
angles with and without the DFT, by manually pushing the hip along a horizontal 
guide at near-constant speed. (A) Without the DFT, leg kinematics unloaded the GST 
at a virtual leg angle of 59.0° ± 0.3° (“disengagement angle”). (B) Snapshot of 
disengaged leg, like in (A). (C) With the DFT, the joint j3 snapped through and un-
loaded the GST already at a 69.0° ± 1.2° angle, showing a 10° difference caused by 
the DFT. (D) Snapshot of disengaged leg, like in (C). The global spring in the 
hardware leg is mounted above the hip joint, the modified golden spring schematics 
in (A) and (C) are shown for simplification.
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walking BirdBot would likely consume more power. Nonetheless, 
BirdBot shows economical locomotion, particularly in comparison with 
the similarly actuated, freely running robot Cheetah-cub (45). To allow 
indirect comparison between robots, we defined a relative COT in Eq. 
8 as the ratio between the robot’s COT and that of a natural runner 
of equal weight, resulting in a relative net COT of 91% for BirdBot.

DISCUSSION
Animals vastly outperform current legged robots, achieving agile 
movement in natural terrain with robust balance and low metabolic 
COT, compared with legged robots (6, 26, 79–85). We used an iter-
ative design process and a physical robot to test the hypothesis that 
a bird-inspired multiarticular linkage mechanism can replace most 
of the neural circuitry required for joint coordination and stance-
swing transition control. The multiarticular spring tendon in the 
five-segment leg creates a whole-leg clutch, which transitions upon 

loading into a high stiffness configuration for stance and transitions 
upon unloading to a slack configuration for swing. The leg design 
achieves consistent interjoint coordination of a complex leg trajec-
tory, compliant bodyweight support with elastic energy cycling, and 
rapid, automatic control of swing/stance transitions. The rapid 
transition to swing is achieved by action of the spring tendon 
network on a bistable joint, which disengages the stance leg spring. 
These mechanisms enable bipedal gait with just four actuators under 
simple, model-free feedforward control. In addition to providing 
robust mechanics with simple control, the leg design achieves eco-
nomical COT by reducing knee-flexing torque to 1/10 of that of non-
clutching leg designs similar to Cheetah-cub (45).

Research on running ground birds suggested that their remark-
able agility and robustness benefit from intrinsic mechanical control 
(6, 26, 27, 83, 86). BirdBot’s leg clutch relies on a digitigrade posture, 
in which the toe becomes flat against the ground. To freely shorten 
its leg in swing, the distal segment rotates from a digital- extended 
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Fig. 6. BirdBot running at a stride frequency of 1.5 Hz, with a speed of 0.75 m/s (Froude number of 0.20). Data are averaged from 70 strides, with a 95% CI shown 
as a shaded area. The stance period is indicated by “< >” on the x axes. (A) Side-view video still frames of BirdBot running on the treadmill, with a four-bar guide to restrict 
rotation. (B) The cumulative work applied at the DFT. The tendon stores and releases 0.037 ± 0.001 J (CI) per cycle. The loading and unloading times are asymmetric, indi-
cating power amplification. (C) Hip actuator for joint j0 with a peak torque of −1.71 ± 0.05 N·m (CI) during leg retraction at mid-stance. (D) The cumulative work applied at 
the GST, stored and released by the spring as elastic energy. The GST stores on average 0.34 ± 0.02 J (CI) per deflection in this gait. (E) The knee flexing actuator applies a 
peak torque of 0.31 ± 0.03 N·m (CI) at mid-swing to lift the lower leg and create foot-ground clearance (solid line). We modeled a nonclutching, parallel leg spring [dashed line, 
model shown in (G)] and assumed the same knee joint kinematics as BirdBot. The nonclutched knee actuator model would require 3.7 N·m, which is more than 10 times 
higher torque than in BirdBot. (F) Schematic of BirdBot’s leg and foot trajectory over a gait cycle. (G) Schematic of the leg and foot trajectory of the nonclutching model.
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to a digital-flexed posture, which slacks the stance spring. Our analysis 
suggests a suite of structural features required for the mechanism: 
elevated, digitigrade posture with a long tarsometatarsus segment, a 
multiarticular network of ligaments and tendons from femur to toe 
(Fig. 1C), sesamoid bones creating the appropriate cam dimensions, 
sheaths to guide slack tendons, and a bistable configuration in the 
distal joint.

This analysis helps to identify where similar function is likely to 
be found among diverse animals. Although BirdBot’s leg design 
is inspired by large ratite birds such as emus and ostriches, the 
structural elements are present to varying degrees among many birds 

(6, 23, 24, 30, 61–67, 87–89). BirdBot is 
an abstracted and simplified model: Com-
plex bone surface interactions are approxi-
mated as hinge joints, and sesamoid 
structures are approximated as constant 
radius cams. The model integrates sev-
eral features: cam radii, distance from 
the joint center to the virtual leg, segment 
lengths, and ratios of leg segments. 
Equations 1 and 3 assume a loading of 
the virtual leg and establish the required 
joint moments based on the assumption 
that all leg joints are mechanically cou-
pled and balanced, resulting in a similar 
joint velocity for all but the distal joint, 
which is underdimensioned. Joint cou-
pling propagates loading from proximal 
and distal and, likewise, distal to proxi-
mal. Equations 1 and 4 are indifferent 
to leg postures (erect or crouched), sug-
gesting that small birds with crouched 

postures could have a leg clutch. The cam of the distal joint must be 
underdimensioned, resulting in larger distal joint deflections com-
pared with the knee and ankle. Rapid deflection of the distal joint 
upon loading creates a flat “foot” contact with the ground and en-
gages the stance leg spring. Disengagement of the stance leg spring 
is triggered by loading a distal, biarticular tendon, leading to a sud-
den digital flexion at toe-off. The distal tendon sheath allows tendon 
detachment and slacking in the swing phase, enabling shortening of 
the swing leg with low resistance.

Across bird species, the degree to which the leg clutch exists as a 
passive mechanism likely varies. Ostrich legs have high capacity to 

Fig. 7. Robot energetic performance and com-
parative COT. (A) Knee mechanical power (solid 
line) and instantaneous electrical power of the 
knee flexing actuator (dashed line). The two elec-
trical power peaks indicate an initial acceleration 
to reduce tendon slack at the end of stance, and 
a second burst to fully lift the lower leg in swing. 
“< >” indicates the observed stance period. (B) Hip 
mechanical power (solid line) and actuator elec-
trical power (dashed line). The highest power 
consumption occurs during leg retraction in the 
stance phase. In comparison, swing leg protrac-
tion requires considerably less power. (C) The 
electrical COT of selected legged robots, plotted 
relative to body mass, on a logarithmic scale. As 
a general reference, the 100% COT line indicates 
the metabolic cost of animal runners, according 
to (120). Brushless motor–actuated robots that 
recuperate negative power are indicated with a 
green recycle symbol. Hopping robots, such as 
BiartLeg, require no leg shortening for ground 
clearance in the swing phase, reducing their COT.  
BirdBot’s net COT is slightly below that of a run-
ning animal with a similar body mass (1.73 kg). 
This places BirdBot’s net COT in the range of the 
hopping SPEAR robot and MIT Cheetah 3.
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support weight and recycle elastic energy in distal tendons (65, 67) 
and exhibit the distal structures required for the bistable mecha-
nism (23, 24). Running ostriches also have distal joint kinematics 
consistent with the leg clutch (88). In large ratites, the elastic tissues 
in the distal leg might passively support body weight, but, in most 
species, engagement of the leg clutch likely requires active muscle 
contraction.

The BirdBot model challenges the idea of joint myotatic con-
trol, in which antagonistic pairs of flexor and extensor muscles 
control individual joints (11–13,  90). A more modern perspective 
suggests that muscle synergies control functional modules for 
whole-leg tasks, such as leg stiffness, bodyweight support, propul-
sion, leg angular cycling, and balance correction (8). Control via 
functional modules is consistent with observed muscle activa-
tion patterns in guineafowl, a terrestrial bird with size similar to 
BirdBot (91, 92). Coactivation of functional modules could ac-
tively engage a leg clutch in species where the mechanism is not 
passive. In terrestrial birds, for example, isometric contraction of 
ankle extensors might engage the distal tendon network and facilitate 
proximodistal energy transfer (27, 37, 93).

The BirdBot leg is a specific implementation of a geometric 
latch-mediated spring actuation mechanism, as defined by Longo 
and colleagues (94). A diverse range of animals use latch-mediated 
spring actuation to effectively control high-power, spring-mediated 
movements (94, 95). In BirdBot, the distal bistable joint supports 
rapid disengagement of the stance leg spring, actuated by the leg 
angular rotation in stance. It results in a rapid release of stored 
energy, similar to the asymmetric joint power profile observed at 
the TMP joint in running turkeys (62). High ground clearance for 
swing is achieved through rapid, coupled flexion of joints upon 
clutch disengagement. A similar release of stored elastic energy 
occurs in horses’ legs, triggered by rotation of the ground reaction 
force vector over leg joint axes, leading 
to a catapult-like mechanism (28). A com-
plex but more direct replication of the 
tendon network in the horse leg has been 
recently implemented in a robot by (96). 
Such engagement and disengagement 
mechanisms enable automatic release of 
elastic energy over a range of locomotor 
frequencies and loading conditions, re-
ducing the demand for actuator work and 
the need for rapid sensory feedback control.

Current legged robots often use di-
rect joint actuation analogous to myo-
tatic unit control, with extension and 
flexion by joint torque actuators. Tran-
sitions between swing and stance must 
actively be sensed and controlled, using 
contact, force, or proprioceptive sensors 
(46,  97,  98). Although this approach 
achieves smooth and stable gaits, it re-
lies on precise and high-frequency sensor 
feedback to detect contact and impact 
events (18, 21). Paradoxically, existing 
robots remain clumsy compared with 
animals, despite using appreciable faster 
sensing- and information-transfer rates 
(22). Sensor data can be noisy, making it 

hard to reliably detect contact events, particularly in unstructured 
terrain (20, 21). To reliably detect contacts and control gait, many 
robots rely on control architectures that include hybrid feedforward/ 
feedback, model-based prediction and learning strategies (20).

In contrast, BirdBot uses a single feedforward motor command 
at the proximal joint to coordinate complex leg actuation. BirdBot’s 
leg clutch automatically engages and generates ground reaction 
forces upon loading and disengages upon unloading, without the 
need for sensors. BirdBot’s stance spring passively deflects under 
load and rebounds after mid-stance, cycling elastic energy. Similar 
compliant leg robots can operate with no sensors and even stabilize 
after step-down perturbations (76, 99). Thus, spring-leg designs not 
only minimize actuator work but can also simplify leg control.

As a consequence of BirdBot’s underactuated design, gaits are 
not directly commanded. Instead, gaits emerge from the interac-
tion between feedforward motor commands and ground reaction 
forces. This is illustrated by the discrepancy between commanded 
and observed duty factor. The commanded duty factor of the 
CPG-driven hip motor is 0.60 at a stride frequency of 1.5 Hz, and 
the observed gait duty factor is 0.49. This is similar to other robots 
with elastic legs and CPG control (45). Bipeds transition to run-
ning gaits at Froude numbers above 0.5 (100). BirdBot dis-
played a grounded gait at slower speed (0.50 m/s; Froude number 
Fr = 0.09) and brief aerial phases at higher speed, at a Froude num-
ber of 0.20 (0.75 m/s). We set the high-level CPG control pa-
rameters of amplitude, frequency, and duty factor, and the gait 
emerged from the robot’s elastic leg mechanics.

The structure of Eq. 1 indicates no limitations in scaling BirdBot’s 
leg mechanism to very large sizes. In Fig. 8, we show a large-scale 
demonstration with a hip height of 1.75 m that carries a human’s 
weight. Once the foot joint j4 is digital-flexed, the knee joint j1 can 
be flexed without loading the leg’s global spring (Fig. 8C). On the 

Fig. 8. Scalability of the BirdBot leg design. (A) Small-scale (0.29 m) and large-scale (1.75 m) versions of the BirdBot 
leg. (B) The large BirdBot leg supports the weight of a human, hanging by a belt on the hip joint axis. (C) With the 
distal leg digits flexed, the parallel leg spring is disengaged, and knee and ankle joints can be flexed without 
resistance from the GST.
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basis of our analysis and physical demonstrations, we suggest that 
BirdBot’s leg design can become a blueprint for large legged machines.

BirdBot’s leg has no direct actuation for leg length extension. 
Nonsteady locomotion can demand net positive or negative work at 
distal joints (6, 37, 93, 101, 102). To increase BirdBot’s versatility in 
rough terrain or to facilitate acceleration, a lightweight leg extension 
actuator could be placed in parallel with the distal extensor tendons 
(fig. S11). Additional actuators would not only increase versatility 
and robustness but also increase the leg mass, draw additional power 
and likely require more complex control with sensory feedback.

Clutch mechanisms, similar to that in BirdBot, need to be light-
weight, robust, and of minimal complexity for mobile use in pros-
thetics, exoskeletons, and other legged robots. Loading conditions 
change rapidly, and clutches in the drive chain connect and discon-
nect external and internal forces, from zero to multiple body weights 
within tens of milliseconds (103, 104). Wiggin et al. (105) designed 
a clutch for a human ankle joint exoskeleton that loads its spring in 
stance and releases the stored energy at push-off, freeing the ankle 
joint for the swing phase. van den Bogert (47) analyzed whole-leg 
multiarticular passive exoskeleton designs and found that they could 
substantially reduce joint moments and power; however, no geometry 
was found to enable a “clutch-like” function, with automatic switching 
from slack (in swing) to stiff (in stance) [page 6 of (47)]. Diller et al. 
(106) designed an active exoskeleton with a lightweight and efficient 
electrostatic adhesion clutch, which altered ankle joint stiffness by 
selectively engaging parallel rubber springs. Clutches have been in-
tegrated into soft exoskeletons, where they hold and release elastic 
belts (107). SPEAR robot’s foot features a sprocket-like structure 
that interlocks with a chain section of a biarticular tendon in stance 
and disconnects the robot’s knee in swing, allowing efficient forward 
hopping with slacked joints in swing (108). The multisegmented leg 
of FastRunner featured ankle and/or knee clutch mechanisms. Al-
though the 1.4-m-tall FastRunner version did not run in hardware, 
its simulation reached fast speeds with a single, leg-angle actuator 
(Froude number Fr = 5 to 7; see table S1) (109–111). These findings 
suggest yet-untapped potential for effectively designed elastic clutches 
to improve robot performance. For future work, we suggest that a 
hybrid design with BirdBot’s clutch mechanism combined with direct 
actuation and sensory feedback control could merge the benefits of 
both systems to achieve robust and versatile locomotion.

Recently, multiple advances have improved the economy and 
performance of legged robots. Robots designed with “quasi-direct” 
or “proprioceptive” actuation use strong, brushless motors and 
low-ratio gearboxes (112). In these robots, interjoint control is 
governed by an internal robot model, which matches inter- and in-
trajoint torque to work against external loads. Joint power is applied 
directly, with extensor and flexor actuation demanding negative 
and positive work as the leg compresses and extends. These robots 
can benefit from power regeneration during negative power phases 
and redistribute recouped power to other actuators or back into the 
battery (17, 112).

Another approach is to use compliant legs with parallel or serial 
springs to cycle energy and reduce actuator work (45, 99). Previous 
robots with pantograph, spring-loaded legs, and in-parallel knee 
flexing actuation (45, 99) were designed as quadruped robots. 
Under feedforward control, Cheetah-cub achieved self-stable trot 
gait patterns with relatively high speeds (Froude number Fr = 1.3). 
However, without a disengagement mechanism, the stiff extensor 
spring requires large and rapid torques to shorten the leg for 

ground clearance in swing. Consequently, Cheetah-cub demanded 
high electrical power, resulting in a metabolic COT of 6.6 J/N·m, 
almost four times that of an animal of equal weight (Fig. 7C and 
table S1) (45, 76).

BirdBot shares several features with Cheetah-cub, including 
spring-loaded legs, a proximal pantograph, small-sized, brushed-motor 
actuators, and a similar weight. BirdBot features an important 
improvement—its foot-triggered clutch slacks the leg joints during 
swing. With the stance spring disengaged, the knee torque required 
to flex the leg for ground clearance decreases from 3.7 N·m for a 
Cheetah-cub leg design to 0.1 N·m with a BirdBot leg (static loading 
conditions; table S5). BirdBot’s distal tendon also stores energy in 
stance and releases it at the end of stance (Fig. 6B), similar to the ankle 
actuation of passive walkers (57). Both characteristics contribute to 
BirdBot’s low COT—low knee-flexing torque and tendon elastic recoil 
of the distal tendon. As a result, BirdBot’s COT—one-quarter that 
of Cheetah-cub—is within the range of an animal of equal weight.

Although comparing robots with different morphologies and 
numbers of legs is imprecise, it nonetheless provides a general per-
spective on how energetic performance can be improved by design. 
BirdBot, MIT Cheetah 3 (113), and SPEAR (108) cluster below the 
COT of natural runners (Fig. 7C). Hence, legged robots with power 
regeneration and low-ratio gearing can achieve exceptional energy 
economy (MIT Cheetah 3; table S1) (113, 114). Specialized hopping 
robots can be especially economical, because they operate with a 
single leg angle actuator, achieving a relative COT of 45% (Fig. 7C 
and table S1) (76).

BirdBot’s guidance system keeps the trunk from translating side-
ways and rotating in any direction. Hence, the trunk will not pitch 
if torque is applied (fig. S5). Immediately before swing-stance tran-
sition engagement, the robot’s digits require clearance to rotate from 
digital-flexed to digital-extended. A forward pitching trunk could 
reduce ground clearance. To compensate for trunk pitching in an 
unguided version, higher clearance could be achieved by increasing 
leg angular velocity to reach an earlier maximum forward leg angle 
with its required posture for clutch-initialization. Implementing a 
fully three-dimensional version of BirdBot will also require dedicated 
actuation and control for balance correction to move in three- 
dimensional environments (115–117). In general, pitching moments 
can be reduced by supporting BirdBot’s hip-powered actuation 
with actuator-powered leg extension, with dedicated designs (fig. S11). 
Alternatively, the robot’s trunk design can be adapted for hip-only 
actuation (118).

Conclusion
Legged robot designers tend to neglect typologies and mechanisms 
observed in animal legs and often prefer high-powered actuation 
and relatively simple leg structures. Despite the limitations of bio-
logical tissues, the agile and robust performance of animals suggests 
that robot designs can benefit from a rigorous understanding of 
more complex multiarticular, strategically geared spring mechanisms 
to achieve simple, fast, and economic leg control. An additional 
benefit of the mechanism demonstrated here is the potential for 
more effective foot-substrate interactions. Many robots still use 
point-foot designs, which simplifies internal model computation. A 
clear advantage of the mechanism proposed here is its ability to 
stand upright, with all actuators switched off. The torque-loaded 
foot-segment creates a range of viable center of pressure points, 
where the robot’s center of mass can be balanced above, reminiscent 
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of a flamingo standing while sleeping (Fig. 8A and fig. S2) (30). The 
functional implications of a foot acting as an effective leg-clutching 
mechanism in a multisegment elastic leg remain unexplored. The 
proposed mechanism allows rapid mechanical control of swing-
stance transitions, which can be particularly beneficial for navigating 
uneven, unpredictable, or soft terrains. The leg clutch and foot seg-
ment enable rapid spring engagement and adjustment of the center 
of pressure in direct response to altered loading. Additional research 
is needed to understand how foot function contributes to locomo-
tion in animals and to make effective use of foot-mediated control 
of legged robot locomotion.

MATERIALS AND METHODS
Robot prototype
BirdBot is designed to be left-right symmetric. The robot’s design 
parameters are provided in table S2, and its design is shown in 
Fig. 3 (A and B). Most of the robot’s trunk and leg parts are printed 
from Acrylonitrile Butadiene Styrene on a fused deposition printer 
(uPrint SE Plus). The nomenclature for segments and angles can be 
found in fig. S3. Each leg features two springs. The global spring is 
mounted serially to the global tendon. We simplify the mounting 
of force sensors and mount the global spring to the robot’s trunk, 
instead of, for example, the leg segment s01 (fig. S3D). As a conse-
quence, the GST also spans over joint j0. A second, pantograph spring 
(Fig. 3A) is mounted within the segment s12p. The pantograph 
spring exerts forces when both parts of segment s12p are pulled 
apart, for example, when leg retraction torque is exerted at the hip 
joint (76). Hence, the pantograph spring acts as a functional rotatory 
compliant element in response to hip torques. In emus, the gastrocne-
mius muscle is positioned similar to the spring-12p. Two off-the-
shelf robot actuators (Dynamixel, MX-64 AT, RS485) actuate each 
leg; the hip actuator directly attaches to the leg and swings it forward 
(protraction) and backward (retraction). The knee actuator shortens 
the leg’s knee joint j1 through the knee flexor tendon. Leg lengthening 
is not actively supported, meaning the leg lengthens fully after 
swing phase, only supported by gravity and the leg’s angular mo-
mentum. The robot’s hip axes and knee flexor pulleys are connected 
to the trunk by large-diameter, thin-section ball bearings. Low fric-
tion bushings guide the remaining joint axes, which are cut from 
steel stock material.

Spring tendon network
A network of four tendons and spring tendons is mounted to each 
leg, shown in Fig. 3B. The GST splits into a proximal and a distal 
part (red). The DFT supports j3 and leg disengagement (orange). 
The knee flexor tendon lifts the slack leg (blue). A last pair of ten-
dons rotates both digits into digital extension (digit-1 extensor and 
digit-2 extensor, light and olive green). Each tendon is tensioned 
through a tendon adjustment mechanism (TAM; fig. S9). TAMs are 
custom-made, from a plastic worm gear driving a drum winding up 
the tendon, and work similar to a violin’s string tensioning mecha-
nism. The multiarticular GST extends joints j1 to j4 against loads in 
leg length direction during stance phase (Fig. 3B). The GST also 
spans over joint j0 to simplify mounting the spring’s force sensor. 
The biarticular DFT runs parallel to the GST but spans only over 
the leg’s two distal joints j3 and j4. When tensioned by joint j4 flexion 
through stance phase, the DFT pushes joint j3 from one stable joint 
position, over its unstable, collinear position of segment s23 and 

digit-1 (Fig. 5, C and D). The DFT action “collapses” joint j3 and 
with it the in-parallel mounted GST. The DFT does not insert into 
a spring; instead, we directly use the tendon’s intrinsic elasticity, 
similar to a very stiff spring. We estimated the tendon’s spring-like 
stiffness (k = 60 N/mm) in its built-in configuration. The knee flexor 
tendon flexes the knee joint j1. Its proximal end inserts into the 
knee actuator pulley. The tendon is then routed over the hip j0 axis, 
into the knee flexing pulley, and lastly into its TAM mounted to the 
s23 segment (tibiotarsus; Fig. 3B and fig. S3D). A pair of dorsiflexion 
tendons span over joints j2 to j4. When joint j2 extends just before 
touchdown (Fig. 3B), the dorsiflexion tendons rotate digit-1 and 
digit-2 into a digital-extended position. The dorsiflexion tendon 
TAMs are integrated into segment s23. The DFT and the GST are 
mounted antagonistically to the dorsiflexion tendons, and hence, we 
adjusted each tendons’ slack carefully. All tendons are made from 
1-mm-thick cables (Dyneema). Tendon ends are manually cut to 
length. The tendon’s tail is inserted into the standing part of the 
tendon to create an eye. Both twines are lock-stitched together by hand.

The left and right leg GSTs were initially set to zero slack length, 
with the robot’s legs in the air and all the leg segments extended. 
The robot was placed on the ground, and the GSTs were adjusted 
for an equal joint j1 angle between the left and the right leg. We 
adjusted the DFTs on the standing robot with femur segments set 
vertically by the hip actuator (joint j0, 0°). The tension of the DFTs 
was adjusted to a force of F = 100 N, just before the joint j3 snap-
through. The knee flexor tendon’s slack was removed with the femur 
segment positioned vertically. Both dorsiflexion tendons were ad-
justed to create joint j4 digital extension when joint j2 is extended. 
Knee and hip torque sensors and the GST force sensor were cali-
brated with an external load cell. The robot’s legs were placed hori-
zontally to avoid the effect of gravity. The tendon buckle sensor was 
calibrated with a defined external load pulling on the DFT.

Actuators and low-level actuator control
Four off-the-shelf robot actuators drive the robot’s legs (Dynamixel, 
MX-64 AT; Fig. 3, A and B). One hip actuator per leg is mounted 
between the trunk and the femur segment s01; it directly moves the 
femur. The knee actuator flexes the knee joint j1 by pulling on the 
knee flexor tendon (Fig. 3B). We controlled the actuators in position 
mode, from a control PC with an update frequency of f = 125 Hz. 
All four actuators are connected through a single RS485 communi-
cation bus. A U2D2 universal serial bus (USB) communication 
converter connects the communication bus via USB to the control 
PC. We modified the MATLAB Dynamixel software development 
kit for this use (SDK, v.3.5.4). All control commands were sent as 
feedforward signals.

Instrumentation
Each leg is instrumented with four sensors measuring force or torque. 
A custom-designed sensor measures the hip actuator’s reaction 
torque. The reaction force F is measured by an off-the-shelf beam-
type load cell (TAL220; 100 N), at a lever arm length of l = 47 mm, 
and we calculate the hip reaction torque  = F · l (Fig. 6C). A second, 
identically constructed sensor measures the reaction torque of the 
knee actuator, and we calculate the torque acting at the knee flexor 
tendon (Fig. 6E). The GST’s force is measured with an identical 
force sensor (fig. S9). We measure the DFT’s force with a custom- 
designed tendon buckle sensor. All joint positions are measured with 
absolute magnetic encoders (AS 5045, AMS), recorded at f = 333 Hz, 
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and time-stamped with a microcontroller board (Arduino Mega), 
individually for the right and left leg. Both microcontrollers were 
connected to a PC with USB. Force data were sampled by a data 
acquisition system (cDAQ-9189, National Instruments) at f = 1 kHz, 
with strain bridge input modules (NI-9237). A custom-written 
LabVIEW program recorded the NI MAX module data, including 
the trigger line status. The current supplied to the actuators was 
captured with an external current sensor (LA 25, 25 A, LEM), 
mounted to a custom amplifier. The amplifier’s voltage output signal 
was recorded with an analog-to-digital converter (NI-9205). The 
current sensor was calibrated with a 1-ohm precision resistor. 
Current data were time-stamped and trigger-synchronized. An 
external power supply provided the robot’s actuator voltage (12.0 V) 
through a power cable.

Video
Gait experiments were recorded with a high-speed camera (MiroLab 
110, Phantom) at a frame rate of f = 400 frames/s, and still frames were 
extracted from video material for Fig. 6A. High-speed videos were 
synchronized to the data on the basis of an optical and electrical trigger 
event. Touchdown and toe-off events were determined manually from 
high-speed videos. Further videos and photos were recorded with a 
camcorder (FDR-AX 100, Sony) and a digital camera (D5500, Nikon).

Calculation of Froude number, COT, and electrical 
and mechanical power
We calculate the Froude number as

  Fr =  v   2  / gl  (5)

according to (119), where v is the robot’s speed v in meters per 
second on the treadmill, averaged over in the sum of 70 strides from 
five experiments with each 14 strides. The robot’s standing hip height 
is l = 0.29 m, and the gravitational acceleration is g = 9.81 m/s2. The 
mechanical power P (in watts) was calculated as the product of ve-
locity v (in meters per second) and force F (in newtons), or angular 
velocity  (in radian per second) and torque  (in newton-meter). 
The robot’s electrical (metabolic) COT was calculated according to 
(120). We measured the instantaneous current I (in amperes) with 
current clamps for each actuator individually, calibrated the data, 
and kept the positive values only, from 70 strides. We then summed 
up the data of the four actuators and derived the means and SD 
(table S4). We then calculated the net electrical COT

   COT  en   = ((U · I ) −  P  SB   ) / (m · g · v)  (6)

where we removed the standby actuator power PSB = 4.8 W. The ac-
tuator’s manual specifies 100-mA standby current, which we con-
firmed by own measurement. The robot’s weight mounted to the 
rail is m = 1.73 kg, the average robot speeds were v = 0.50 m/s at 
f = 1 Hz stride frequency, and v = 0.75 m/s for f = 1.5 Hz stride 
frequency. COT is normalized (in joules per newton-meter) to eval-
uate the energy efficiency during locomotion. However, animal 
locomotion data indicate that the COT decreases with increasing 
animal mass m, also shown with the “natural runner” down-sloping 
trend line in (120). To compare BirdBot’s COT to legged hoppers, 
bipedal robots, and quadrupedal robots of different body masses, 
we first digitized Tucker’s trend line [figure 2 of (120)], which leads 
to the following COT reference line (Fig. 7C, 100% line)

   log  10  ( COT  nr   ) = − 0.3138 ·  log  10  (m ) + 0.2346  (7)

We added indicator lines (25, 50, 100, 200, and 400%) for a “rel-
ative COT” (in percentage), calculated as the ratio between the natural 
runner’s COT and the robot’s electrical net or total COT to Fig. 7C, 
to indicate COT grouping of robots of different types and sizes

   COT  re   =    COT  nr   ─  COT  en     ⋅ 100%  (8)

The above COT comparison is based on allometric relationships; 
we are comparing BirdBot with an average animal of the same body 
weight. Specific costs of transport values of similar sized birds at 
similar locomotion speeds are 0.81 J/N·m [guineafowl (Numida 
meleagris), 1.5 kg, between 0.5 and 3 m/s] (121), 1.30 J/N·m [leghorns 
(Gallus gallus domesticus), 2.0 kg, 0.7 m/s] (122), and 1.4 and 
2.0 J/N·m (guineafowl, 1.3 kg, 0.5 and 1.0 m/s) (123).

Locomotion control pattern generation
We generated locomotion control patterns with a CPG, similar to 
(45, 124). We applied CPG control to generate smooth hip joint 
angle trajectories, which is important when initializing the gait pat-
terns. Custom-designed CPGs require only few driving parameters, 
such as amplitude, offset, phase shift, and duty factor. The CPG was 
implemented on a PC in MATLAB; the trajectories were sent to the 
actuators as feedforward signals. Stride frequencies of f = 1.0 and 
1.5 Hz were set, resulting in robot speeds of 0.50 and 0.75 m/s, re-
spectively. The left and the right leg received phase-shifted but 
otherwise identical trajectories

     ̇    i   = 2f +  ∑ 
i≠j

      c  ij   sin(   j   −    i   −  φ  ij  )  (9)

    a ̇   i  
h  = ( A i  

h  −  a i  
h )  (10)

    o ̇   i  
h  = ( O i  

h  −  o i  
h )  (11)

where     i    is the i-oscillator’s phase; c12 = 1 and c21 = 0 are cou-
pling terms; f is the stride frequency, φ12 =  and φ21 = 0 are phase 
shifts between the hip oscillators,   a   h   and   A   h   are the instantaneous 
and the commanded hip amplitude, respectively;   o   h   and   O   h   are the 
instantaneous and the commanded hip offset, respectively; and  is 
a convergence gain. The commanded duty factor D adapts the phase   
 i  

h   of the hip joint of leg i, leading to the hip actuator set position   h  i   

     i  
h  =  

⎧
 

⎪
 ⎨ 

⎪
 

⎩
    

     i   ─ 2D  
  

0 ≤    i   ≤ 2D
    

     i   + 2(1 − 2D)  ─ 2(1 − D)  
  

 
     (12)

   h  i   =  a i  
h  cos(  i  

h  ) +  o i  
h   (13)

The active shortening of the leg length by the knee actuator is 
coupled to the hip oscillator’s phase     i    by the phase shift   S  F    (begin, 
flexing) and   S  E    (end, release and passive extension)

   S  F   = 2  S  f  (1 − D)  (14)

   S  E   = 2  S  e  (1 − D)  (15)
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where   S  F    and Se are the fraction of flexion and extension delay of 
swing phase, respectively. The knee i actuator angle is set as   k  i   , with 
the commanded knee amplitude   A   k  

    k  i   =  {    
0

  
0 ≤    i   ≤ 2D +  S  F  

    
 A i  

k 
  

2D +  S  F   ≤    i   ≤ 2 −  S  E  
    (16)

We observe that the commanded duty factor (D = 0.60) differs 
from the observed duty factor (D = 0.49, f = 1.5 Hz stride frequency). 
A typical CPG output for one stride of a single leg is provided in 
fig. S1. CPG parameters are provided in Table 1.

Cadaver studies
Emu cadavers were obtained from a prior study of emu ontogenetic 
biomechanics (125) at the Royal Veterinary College (RVC) Structure 
and Motion Laboratory. The animals were housed and reared at the 
RVC, and all procedures and humane euthanasia were conducted with 
ethical approval under a U.K. Home Office license: PPL707122. 
Cadavers were stored in a −20°C freezer after euthanasia and thawed 
slowly to room temperature before experiments.

Treadmill and guide setup
The robot walked on a recreational treadmill (model Christopeit 
TM500S), modified for speed control by setting a directly connected 
power supply voltage. The treadmill’s speed was measured by a custom 
mounted encoder (AS 5045, AMS) and recorded by a microcontroller 
(Arduino Mega). A linear guide (Misumi SVR) was degreased and 
loosened for minimal sliding friction. The slider is mounted to an 
overhead rail, h = 0.53 m above the belt. Rail and robot are connected 
by a parallel four-bar guide, with segment lengths l = 0.51 m and 
l = 0.04 m. The rail and four-bar restrict the robot to translations in 
the sagittal plane (fore-aft and up-down) and prohibit trunk pitching. 
The linear guide’s position is measured by a pair of countermounted 
draw-wire sensors (Waycon LX-PA-20), read out by an analog- 
digital converter (NI 9205).

Static knee joint torque in swing and stance
For static conditions, we calculated the torque required to extend 
the knee joint when standing on a single leg and holding the robot’s 
weight and while lifting the lower leg. We simulated three different 
robot spring and actuator configurations (fig. S4, A to C). All three 
modeled robot configurations have an equal mass of m = 1.73 kg, 
identical to BirdBot. The robots’ center of mass and their hip joints 
align vertically, and no hip torque is induced during standing. In 
the lifted leg scenario, the lower leg mass and the horizontal 

distance between its segments’ center of gravity and the knee joint 
are assumed to be identical for all three designs (mlower = 0.092 kg, 
ldistance = 0.056 m).

Single leg disengagement experiment
The joint positions at leg disengagement and leg unloading were 
determined on the basis of visual cues, tracked manually from high-
speed video footage. Angles were extracted in ImageJ software. The 
virtual leg angle was defined by the joints j0 and j4 and a third point 
at the trunk. For the leg with the DFT mounted, we determined the 
disengagement leg angle when j3 > 180°.

Disengagement tendon work calculation
We estimate a spring-like behavior of the DFT. We calculated the 
tendon’s stiffness (kDET) by measuring a known tendon force FDET 
and the tendon’s change in length ∆(lDET), in its built-in state. For 
the plot Fig. 6B, we calculate the DFT work WDET from the recorded 
tendon force, and the change of tendon length lDET wrapping 
around the pulleys of joints j3 and j4

   W  DET   =   1 ─ 2    F  DET   ⋅   l  DET    (17)

GST work calculation
The work WGST of the GST is calculated from the tendon’s force, which 
is identical to the spring force, and the spring stiffness (Fig. 6D)

   W  GST   =   1 ─ 2     
 F GST  2  

 ─ k    (18)

Data processing
Data were processed in MATLAB (MathWorks). Joint speeds were 
derived from joint encoder data, applying the “sgolay_t” MATLAB 
function to joint position data (author: T. Ramos, settings: N = 4, 
F = 51, DIM = 1). Current data were filtered with a zero-phase digital 
filter (30-Hz low pass, second order, 0.2 PassbandRipple).

Statistics
Unless otherwise indicated, uncertainty bounds are provided as 
means and SD (means ± SD). Data from continuous data plots are 
presented as means and 95% CI (means ± CI), averaged over 70 strides. 
Single leg disengagement data are presented as mean of 20 repeti-
tions per leg configuration. Mean disengagement angles of 69.0° ± 1.2° and 
59.0° ± 0.3° (means ± SD) were recorded for the leg with and without 
the DFT, respectively (Fig. 5). The 10° difference was statistically 

Table 1. The CPG parameters for gait 1 (f = 1 Hz) and gait 2 (f = 1.5 Hz).  

Parameter Gait 1 Gait 2 Parameter Gait 1 Gait 2

f (Hz) 1 1.5  Dvir 0.6 0.6

  A   h   (°) 32 35  1 1

  O   h   (°) 22 30   S  f   0 0

  A   k   (°) 120 120 Se 0.22 0.22
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significant according to a Mann-Whitney U test, n1 = n2 = 20, P = 0.01. 
Correlation coefficients for j2 and j3 joint trajectories (Fig. 2) were 
calculated as r = correff(j2, j3) (MATLAB), with 2001 data points 
from five joint extensions and flexions. The flexion correlation co-
efficient is rflex = 0.99, and the extension correlation coefficient is 
rext = 0.96 (Fig. 2C). Correlation coefficients r > 0.8 are considered 
an indicator for strong coupling.
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