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Whereas the transport of matter by wheeled vehicles or legged robots can be guaranteed in engineered
landscapes such as roads or rails, locomotion prediction in complex environments such as collapsed
buildings or crop fields remains challenging. Inspired by the principles of information transmission,
which allow signals to be reliably transmitted over “noisy” channels, we developed a “matter-transport”
framework that demonstrates that noninertial locomotion can be provably generated over noisy
rugose landscapes (heterogeneities on the scale of locomotor dimensions). Experiments confirm that
sufficient spatial redundancy in the form of serially connected legged robots leads to reliable transport
on such terrain without requiring sensing and control. Further analogies from communication theory
coupled with advances in gaits (coding) and sensor-based feedback control (error detection and
correction) can lead to agile locomotion in complex terradynamic regimes.

T
he transport of matter across land is cru-
cial to societies and groups (1, 2, 3), as well
as to individuals during locomotion (4).
Engineered self-propulsion as a means
of terrestrial matter transport has been

studied across scales from enormous multi-
wheeled trains (Fig. 1A) to small few-wheeled
and legged robots (5–7). For large devices, low
dissipation, inertia-dominated locomotion is a
commonly used matter-transport scheme. Spe-
cifically, locomotion in wheeled systems on
smooth surfaces such as tracks and roads will
persist over long distance unless acted on by
dissipative internal or external forces (Fig. 1A).
On natural terrain, dissipation attributable

to external forces can occur through interac-
tions with terrain heterogeneities such as ob-
stacles, gaps, or inclines (8), as well as through
interactions with flowable materials (9). In
dissipation-dominated applications, such as
those encountered in robot movement in cer-
tain agricultural (e.g., crop fields) or confined
and crowded search-and-rescue (e.g., collapsed
buildings) scenarios, a system must contin-
uously and actively generate forces and/or
reduce dissipation. In part, because of our
lack of understanding of the terradynamic
(9, 10) interactions with the environments
listed above, principles by which locomotors
can be designed and controlled to guarantee
reliable and predictable matter transport are
lacking.
One engineering solution (11) to facilitate

matter transport in complex terradynamic
regimes is to use structures such as limbs to

periodically make and break contact with the
environment (12). Such dynamics can poten-
tially simplify the thrusting interactions into a
collection of discrete units, which minimize
unexpected interference (4), thus providing
an alternative to wheeled carriers on “noisy”
landscapes. There have been two basic ap-
proaches of limb use in dissipation-dominated
environments. The first relies heavily on sen-
sors (13) to detect and respond to terrain het-
erogeneity in real time (5, 14). This approach is
used for the increasingly agile locomotion in
state-of-the-art legged robots (mostly bipedal
or quadrupedal) (5, 12, 14, 15). However, the
use of sensors and high bandwidth control
can be expensive and restricted to specific
applications.
The second approach is to instill legged ro-

bots with “mechanical intelligence” such that
locomotion can be performed with minimal
environmental awareness. This has been most
effective with devices with more than four legs,
such as hexapods (6) and myriapods (16, 17).
Whereas more limbs help avoid catastrophic
failures (e.g., loss of stability), terrain hetero-
geneity can still cause deficiencies in thrust-
ing interactions, which substantially reduce
locomotor performance (movie S1) (18–20).
This raises the question of how variable num-
bers of limbs and sensors should be arranged
such that one can guarantee that a locomo-
tor can go from point A to point B in a speci-
fied time and across an arbitrarily complex
landscape, and furthermore, howmuch sens-
ing, feedback, bandwidth, and/or control are
needed.
This question is analogous to that of infor-

mation and signal transmission over noisy
channels as first analyzed by Shannon nearly
a century ago (21). Over a noiseless channel, a
continuous analog signal is, in principle, able
to convey an infinite amount of information
(22). Despite its efficiency, an analog signal can

be distorted by channel noise inherent in all
communication modalities, a property similar
to heterogeneities introduced to smooth sur-
faces in inertia-drivenmatter transport (Fig. 1A).
To counter channel noise in communication,
Shannon (21) constructed a scheme in which
the central idea was to digitize (encode) infor-
mation into binary bit sequences and “buffer”
(correct) the transmission error through re-
dundancy (Fig. 1C).
With the analogy to information theory, it

is reasonable—at least, conceptually—to an-
ticipate reliable matter transport over noisy
landscapes given sufficient redundancy of
terrestrial interaction. In this work, we show
that this anticipation is correct and leads to an
open-loop framework for matter transport by
which, for a complex terradynamic task, we can
guarantee that sufficiently redundant multi-
legged robots can reliably and predictably self-
transport over a given distance through “buffer
and tolerate” dynamics without the need for
sensing and feedback control or environmen-
tal awareness (Fig. 1B and movie S1) (16).

Development of the matter-transport framework

Our framework proceeds as follows (Fig. 2):
We define a transport task as a physical en-
tity moving to a specific destination D at a
fixed time T. As shown in Fig. 2B (i), this is
analogous to the intendedmessage being trans-
mitted across a noisy channel at a given rate.
Similar to the bit-based digital signal trans-
mission, we focus on a dissipation-dominated
system in which locomotion is driven by thrust-
ing interactions from basic active contacts
(bacs, our analogy to bits), which are discrete
units of active terradynamic interaction. Ex-
amples of bacs include limbs making contact
with the environment (23) or vertical waves of
contact in limbless robots (24). We quantify
the temporal and spatial distribution of bacs
as a binary sequence Xm, in which 1 denotes
contact and 0 denotes noncontact [Fig. 2B (ii)].
As the locomotor implements the desired bac
sequence over a noisy landscape (the analog of
a noisy channel) [Fig. 2B (iii)], the terrain un-
certainty can introduce contact noise to the
actual bac sequence,Ym [Fig. 2B (iv)]. This leads
to a discrepancy between the actual destina-
tionD̂ (evaluated at the scheduled time T ) and
the desired destination D [Fig. 2B (v)].
We next discuss our characterization and

quantification of noisy landscapes. A dissipation-
dominated terrain can have different types
of heterogeneities, each with different com-
plex terradynamic effects on bacs (9). Con-
sider a terrain characterized by a height map,
h(x,y). Depending on the scale of the gra-
dient, @h=@x;½ @h=@y�, the terrain heteroge-
neity can affect the locomotion in the form
of slopes, walls, or obstacles (Fig. 1B), which
directly impact the thrust-generation pro-
cess in the plane parallel to the terrestrial
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surface (e.g., a stumble) (25). Parallel thrust
disturbances can be minimized by proper
design of mechanical structures or passively
compliant mechanisms [supplementary ma-
terials (SM), section 1.2] (16, 26). In this study,
we focus on a class of noisy landscapes (ru-
gose terrains) in which the height distribu-
tion, h(x,y), can affect the supporting force
distribution (e.g., missing steps) in the direc-
tion perpendicular to the terrestrial plane
and therefore contaminate the intended bac
sequence Xm→Ymð Þ.
With the notion of bacs and contact noise

established, we can now model matter trans-
port as a stochastic process. We first consider
an abstract characterization of thrust genera-
tion if given one pair of legs. We quantify the
instantaneous thrust over a bac, f(t), as the
instantaneous external force required to keep
the locomotor in place at time t∈ 0; t½ Þ, where
t is the duration of the bac. An example of
thrust function f(t) is illustrated in Fig. 3A.
The nominal (undisturbed on flat terrain)
average thrust is fn ¼ 1

t ∫
t
0 f tð Þdt.

Next, we introduce a coefficient function
which encapsulates the uncertainty in the bac,

c(t). The terrain-disturbed thrust can be for-
mulated by f̂ ¼ 1

t ∫
t
0c tð Þf tð Þdt. We assume c(t)

has the property 1
t ∫

t
0c tð Þ ¼ 1 so that the sup-

porting force balances gravity. Further, we
assume that the initiation of a bac is delayed by
some time, c1, and the duration of a bac is short-
ened to tu : c tð Þ ¼ 0; t ∉ c1; c1 þ tu½ �f g . Spe-
cifically, we assume c1 to be a random variable
having a uniform distribution of c1 ∼ U 0; tð Þ ,
and the duration of the bac, tu, is assumed to
be a random variable determined by the ter-
rain rugosity. We sample tu from the cumu-
lative distribution function given byG tuð Þ ¼
1� bð Þtu=tþ b; tu ∈ 0; t½ � so that there is a fi-
nite probability of complete bac loss, p tu ¼ð
0Þ ¼ b , and b < 1 characterizes the contact
noise level and offers an approximation to
the rugosity of the terrain (Fig. 3C). Whenever
c1 þ tu > t , we extend the excessive contact
duration c1 þ tu � tð Þ into the next bac [Fig. 2B
(iii)] (SM, section 1.4). For simplicity, we as-
sume that c(t) is otherwise uniformly distributed
during the bac: c tð Þ ¼ t�1

u t;
�

t ∈ c1;c1 þ tu
� �g.

In this way, the terrain-disturbed average
thrust reduces to f̂ ¼ sign tuð Þt�1

u fu , where
fu ¼ ∫c1þtu

c1
f tð Þdt is the thrust disturbance. The

sign function sign(tu) implies that no thrust
will be generated

�
f̂ ¼ 0

�
with complete bac

loss (tu = 0).
As demonstrated in previous studies of

dissipation-dominatedmultilegged locomotion
on flat ground (27, 28), because of the periodic
limb lifting and landing, an effective viscous
(rate-dependent) cycle-averaged thrust-velocity
(the average thrust and velocity over a period,
respectively) relationship emerges in frictional
environments, despite such thrusts being in-
stantaneously independent of velocity. Specif-
ically, the relationship of cycle-averaged robot
locomotion velocity is derived to be linearly
correlated with the cycle-averaged thrust:
v̂ ¼ g�1 f̂ , where g is the effective viscous drag
coefficient (Fig. 3D). In this way, the terrain-
disturbed velocity can be approximated by
v̂ ¼ g�1sign tuð Þt�1

u fu.
Taking the analogy from information theory

in which redundant bits can bound the un-
certainty from channel noise, we hypothesize
that locomotors with redundant bacs can offer
robustness over terrain uncertainty. A straight-
forward scheme to include redundancy is to
decrease the transport rate by allowing more
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Fig. 1. Signal transmission and matter transport. (A) Matter transport
with either continuous or discrete active contacts can be effective on “noise-
free” tracks. Discrete redundant contacts enable effective matter transport over
rugose tracks through redundancy or environmental awareness. (B) Multi-
segmented robophysical locomotors with directionally compliant legs traverse

noisy landscapes: (from left to right) a laboratory model of rugose terrain,
entangled granular media, boulders, and steps. (C) The transmission of
analog and digital signals through noisy wires. A digital signal allows reliable
transmission through a noisy wire through either redundancy or a
retransmission channel.
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transport time (temporal redundancy). Thus,
we have:

v̂T
1½ � ¼ 1

gT

XT
i¼1

sign tiu
� � f iu

tiu
ð1Þ

where v̂T
1½ � is the average terrain-disturbed

velocity over T periods, tiu and f iu are the con-
tact and thrust disturbance, respectively, over
the ith period. Here, T represents the order of
temporal redundancy. We expect the vari-
ance of the average terrain-disturbed velocity,
s2 v̂ 1½ �

T

� �
, to decrease as T increases. Further,

v̂T
1½ � converges to a Dirac delta function as T

approaches infinity (proof given in the SM,
proposition 3). Moreover, the expected aver-
age terrain-disturbed velocity, v̂ 1½ �

T

D E
, remains

constant (by the law of large numbers).
We next evaluate the effectiveness of this

temporal redundancy scheme. For simplicity,
we assume D is one-dimensional, D̂T

1½ � ¼ Tv̂1½ �
T ,

andwenote that there isno reason toexpect that
D̂T

1½ � should converge (toD) asT increases. There-
fore, temporal redundancy can only guarantee
the completion of a matter-transport task, but
the exact transport duration can be indefinite.
Given the inefficiency of temporal redun-

dancy, we develop a framework, analogous to
Shannon’s encoding scheme, to remove inef-
ficient redundancy and compensate it with
“redundancy of the right sort” [(29) p. 164] for
more effective locomotion. In particular, the
appropriate redundancy facilitates the simul-
taneous “communication” (e.g., redistribution)
of bacs in response to contact noise. To devel-
op a specific scenario for legged systems, we

consider redundancy in the form of repeating
serially-connected modules, in which a mod-
ule is defined as a pair of legs. With proper
coordination, the effect of contact noise will be
shared among all bacs instead of acting on an
individual bac. Because such redundancy is
distributed in the spatial domain, we refer to
it as spatial redundancy. Effectively, this spa-
tial redundancy serves as a moving average
filter over the contact-noise profile. For sim-
plicity, we consider a simple module coordi-
nation that the instantaneous thrust f(t) on
each module is identical and invariant to
the number of modules. The average terrain-
disturbed velocity for N serially connected
modules over T periods is:

v̂T
N½ � ¼ 1

gT

XT
i¼1

sign
XN
j¼1

tiju

 !XN
j¼1

f iju

XN
j¼1

tiju

0
BBBBB@

1
CCCCCA ð2Þ

where tiju and f iju are disturbances on the jth
module over the ith temporal repetition. In-
tuitively, in the case where there are M com-
plete bac losses in the ith temporal repetition,
M ¼ j; tiju ¼ 0

� 	

 

, the locomotor withNmod-
ules will essentially reduce to the configuration
with N – M modules. In other words, loco-
motors with spatial redundancy N can afford
up to N – 1 complete bac losses without sub-
stantial thrust deficiency, which indicates that
spatial redundancy can also serve to bound
the uncertainty in thrust generation. We show
that for fixed T ≥ 1, v̂T

N½ �will also converge to a

Dirac delta function as spatial redundancy
N approaches infinity (SM, proposition 4).
The expected average terrain-disturbed veloc-
ity, v̂T

N½ �
D E

, can be approximated by (1 − bN)Cs,
where Cs is a constant determined by f(t), g, and
b (SM, proposition 4). Therefore, greater spatial
redundancy not only reduces variance, but also
improves the expected average terrain-disturbed
velocity, a feature otherwise not possible with
only temporal redundancy.
For any fixed T, the distribution of actual

destinations D̂T
N½ � ¼ Tv̂T

N½ � will also converge
to a Dirac delta function asN approaches infin-
ity. Given a matter-transport task over desired
distance D at scheduled time T, we consider it
successful if

D̂; T̂
� �� D;Tð Þ�� �� ¼ D̂

N½ �
T � D




 


 < e ð3Þ

where e is the tolerance. In thisway, for arbitrary
e > 0 and p0 < 1, there exists a finiteN such that
the probability of successful matter transport
(subject to e) is greater than p0 (proof given in
the SM, proposition 5). The “minimal spatial
redundancy” required to achieve the proba-
bility of p0 for tolerance e > 0 is bounded by
Ne;p0≤

logð1� ffiffiffiffi
p0kD

p Þ
logðbÞ , where k is a constant that

describes the locomotor speed on flat terrain,
andD is the desired destination specified by dis-
tance, for one-dimensional locomotion (proof
given in the SM, propositions 5 and 6).

Numerical tests of the framework

We first tested our theoretical predictions by nu-
merical simulations. We chose a saptiotemporal
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Fig. 2. Framing the matter-transport problem as a sequence of basic
active contacts (bacs). (A) The correspondence of processes in (i) signal
transmission [adapted from (21)] and (ii) locomotion (matter transport).
(B) (i) A multilegged robot, the matter to be transported to a destination D.
(ii) The desired bac sequence to reach the locomotion destination. (iii) Noisy

landscapes can introduce contact errors such as delaying bacs and shortening
the duration of bacs. We compare the desired bac (which spans a duration t)
and two terrain-contaminated bacs (each begins at c1) with shorter duration
(tu). (iv) A bac sequence contaminated by contact errors leads to a (v) locomotion
destination D̂ smaller than the expected D.
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bac distribution pattern that was based on
limb-stepping patterns of biological centipedes
[and whose efficacy in generating locomotion
in multilegged robots was previously studied
in (27, 30)]. Each bac generates an instanta-
neous thrust given by f(t), which is indepen-
dent of our choice of spatial redundancy (proof
given in the SM, proposition 1). We illustrate
f(t) in Fig. 3B. Assuming b = 0.5, we compared
the distribution of normalized (by the nominal
speed,vopen) terrain-disturbed velocity, v/vopen,
for different combinations of temporal and
spatial redundancy in Fig. 3E. In this ex-
ample, Cs = vopen indicates that the terrain-
disturbed velocity converges to the nominal
velocity (dashed black curve) given sufficient
spatial redundancy.
To illustrate that spatial redundancy allows

the matter-transport process (defined by the
actual distance achieved, D̂ , and duration to
achieve this displacement, T̂ ) to converge to
the desired transport-distance and duration
pair (D, T), we calculate the 90% confidence
interval (CI) of D̂ as a function of T for N = 8
(red curves) and N = 1 (blue curves) (Fig. 3F).
With greater spatial redundancy, the vari-
ance of D̂ is substantially reduced, approach-
ing the limit of nominal distance-duration
relationship (dashed black curve) (Fig. 3F).
Further, we numerically calculate the proba-
bility of successful matter transport (evaluated
at T = 1) as a function of spatial redundancy
N subject to different choices of tolerance e
(Fig. 3G). For all choices of e, the success prob-
ability converges to one as N increases. Figure
3G also shows that the marginal benefit of
having more legs decreases as N increases;
the predicted limit is given by the dashed black
curve. Finally, the locomotion performance
can be affected by the terrain rugosity. We
calculated Ne;p0 as a function of b, the con-
tact noise level, and plot this in Fig. 3H. We
compare three combinations of e and p0 and
notice that more rugose terrains require
greater (yet finite) Ne;p0 ; the theoretical
bound is given by the dashed black curve
when p0 = 0.9.

Experimental tests of the framework

Because the model assumes simplified envi-
ronmental interactions, we next tested if our
framework could predict locomotor per-
formance in a physical system. We chose to
work with a well-controlled laboratory multi-
legged robophysical model (movie S1) (design
and control details are provided in the SM,
sections 1.2 and 1.3), similar in design to those
in (27, 30, 31). Wemeasured the average speed
and variance in such robots with different
leg numbers and terrain complexity. Given
that our framework indicates that matter
transport can be achieved without the need
for environmental awareness, we controlled
all robots such that they executed their pre-

programmed stepping patterns (open loop)
and did not sense or respond to features of
the environment. To facilitate comparison
across different spatial redundancies N, our
chosen bac sequence (the same as that in the
numerical tests) has the property that, in the-
ory, all robots share the same thrust function
f(t), the same performance on flat terrain, and

the same thrust-velocity relationship (proof
given in the SM, proposition 2).
We constructed laboratorymodels of rugose

terrains composed of (10 × 10 cm2) blocks with
variation in heights (Fig. 4A). The block
heights, h(x,y), are randomly distributed (SM,
section 1.1). Such rugose terrains ensure that
limbs will experience thrust deficiency from
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Fig. 3. Numerical simulation to test the matter-transport framework. (A) Illustrations of (left) thrust
generation from bacs and (right) the thrust-velocity relationship. Self-propulsion with (I) nominal contact and
(II) contact errors are compared. (B) The instantaneous thrust f(t) as a function of time, derived from
(28). (C) The cumulative distribution function (CDF) of tu. (D) The thrust-velocity (normalized by the nominal
velocity) relationship. (E) The numerical CDF of terrain-disturbed velocity for robots with different
combinations of temporal (T) and spatial (N) redundancy. (i to iii) Black dashed curves indicate the nominal
CDF. (F) Numerically calculated 90% CI of actual destination D̂ as a function of T. We compare two
spatial redundancies: N = 1 (blue) and N = 8 (red). The nominal D̂‐T relationship is shown with the black
dashed curve. (G) The probability of successful scheduled matter transport (p0) as a function of spatial
redundancy evaluated at different tolerance e. We plot the theoretical predicted limit as a black dashed curve.
(H) The relationship between Ne,p0 , the minimal spatial redundancy required to achieve the desired success
probability (p0) subject to tolerance e, and b, contact noise level. The black dashed line indicates the
theoretical predicted limit when p0 = 0.9.
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stochastic contact (32). The contact error canalso
arise from robot motor noise because of actua-
tion delay, insufficient torque, or body compli-
ance. We define the terrain rugosity, Rg, as the
standard deviation of heights normalized by
block side length. We tested the performance
of 3-8 segmented [each segment has two di-
rectionally compliant limbs (31)] robophysical
models on rugose terrains and recorded the
bac duration (tu) on each leg. The distributions
of tu measured from 225 and 309 bacs for ter-
rain with rugosity 0.17 and 0.32, respectively,
are shown in fig. S5. For 0 < tu < t, the mea-
sured cumulative distribution function of tu can
be approximated by a linear function, a feature
in accord with (and therefore, justifying) our as-
sumed tu bac duration distribution in Fig. 3B.
We also recorded the normalized interstep

average velocity (the average velocity over a
step that spans the duration of a bac) of the 12-
legged robot on rugose terrains during multi-
ple steps (v/vopen) and compared this with the
corresponding normalized bac duration (tu/t)
(Fig. 4B). Specifically, in each trial (five trials
on each terrain), we programmed the robot to
run for two periods such that therewas at least
one bac generated by each leg (6 legs visual-
izable from side-view camera). The correlation
in these quantities (Fig. 4B) indicates that bac
contamination is an important source of loco-
motor speed variability, which is in accord with
our model assumption. Further, we measured
the distributions of average v/vopen with dif-
ferent combinations of temporal and spatial
redundancy (Fig. 4D). Specifically, wemeasured
the average displacement (over T cycles; T is
specified in Fig. 4D) of a 6-legged and a 12-legged
robot on each terrain. The measured cumu-
lative distribution functions of average v/vopen
were in qualitative agreement with predictions
from numerical tests (Fig. 3E). The sources for
discrepancies between numerical and experi-
mental tests include over-simplification of ter-
rain characterization and contact error from
robot motor noise.
As discussed earlier, for a given transport

distance D, the average and the variance of
transport duration are both important met-
rics for evaluating matter-transport perfor-
mance. We measured the transport duration
(in units of numbers of periods) as a function
of D for a 6-legged robot and a 14-legged
robot over a rugose terrain (Rg = 0.32). Sim-
ilar to our numerical prediction in Fig. 3F,
experimental results also show that spatial
redundancy reduces the variance (illustrated
by error bars) in transport duration (Fig. 4C).
Thus, we can guarantee predictable and reliable
speed on a noisy terrain during open-loop noni-
nertial matter transport, analogous to that of
the predictability of inertia-driven dynamics
on noiseless (e.g., rails and roads) terrain.
To determine how spatial redundancy af-

fects transport duration, we recorded T[D=60],

the time required for a robot to locomote 60 cm
over rugose terrains, for robots with varying
number of legs on Rg = {0, 0.17, 0.32} (10 trials
in each condition) (Fig. 4E). A hexapod can
eventually self-transport 60 cm, but there is a
large variance in T[D=60]. By contrast, systems

with 16 legs can finish the self-transport task
with short average time and small variance.
Moreover, for systemswith sufficiently high spa-
tial redundancy (e.g., N ≥ 5), further increases
in N do not result in substantial changes in
T[D=60], including both the average and the
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Fig. 4. Experimental test of the matter transport framework on multilegged robots. (A) Renderings of
rugose terrains with rugosity (i) Rg = 0.17 and (ii) Rg = 0.32. The block-height distributions are shown in (iii).
(B) Bac contamination leads to speed degradation in a 12-legged robot on rugose terrains. Each point
denotes the robot’s normalized interstep averaged velocity v/vopen) and a corresponding contact duration

(tu/t) in one bac. Color schemes are identical to those in (A). (C) The empirical transport duration (T̂, in units
of gait periods) as a function of destination distance D. We compare two robots with 14 (red) and 6 (blue)
legs (renderings shown as insets). There is a large variance in transport duration for the six-legged robot,
and the variance grows as destination distance increases. The 14-legged robot has a comparably tightly
bounded transport duration. (D) The empirical distribution of average velocity on terrains with (left) Rg = 0.17
and (right) Rg = 0.32 on (Top) the six-legged robot and (Bottom) the 12-legged robot. The empirical
distributions were obtained from 30 trials. (E) For robots with different numbers of leg pairs N, we recorded
T[D= 60], the number of periods required to transport D = 60 cm on terrains with (blue) Rg = 0, (green)
Rg = 0.17, and (black) Rg = 0.32. The error bar was calculated from at least 10 trials. T[D=60] for contact-
modulated gaits are illustrated in the dashed purple rectangle.
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variance. This finding is consistent with our
numerical prediction of the marginal benefit
from increases in spatial redundancy after a
large enough N (Fig. 3G).
From the Shannon scheme for signal trans-

mission, it is reasonable to anticipate im-
proved performance with more elaborate coding
schemes, which we define in matter transport
as designing the terradynamic interaction pro-
file of bacs (e.g., the instantaneous thrust func-
tion f(t) and thrust-velocity relationship). One
straightforward method to modulate the bac-
interaction profile is to change the body wave
amplitude (27) or the number of waves on the
body (33), which alters the temporal and spa-
tial distribution of bacs and the associated body
postures. To illustrate the potential of appro-
priate coding, we show one example of gait
design modulation. Specifically, we imposed
a head-to-tail vertical travelling wave along
the body with twice the spatial frequency as the
horizontal wave. This had the effect that the
duration of bacs (t) was actively and system-
atically shortened (contact modulation; SM,
section 1.5). We tested the performance of
contact-modulated (CM) multilegged robots
over our rugose terrains and observed im-
proved locomotion robustness over terrain
rugosity (indicated by smaller error bars), al-
though with some reduction of the nominal ve-
locity vopen for locomotion on flat ground (Fig.
4E, dashed purple rectangle). Furthermore, with
sufficient spatial redundancy (N = 6) as well
as contact modulation, our multilegged robot
was capable of traversing diverse laboratory
(obstacles, inclines, and walls) environments
(Fig. 1B and movie S1) and field-like environ-
ments (granular media, pebbles, and rock piles)
with completely open-loop operations.

Discussion

One value of our framework lies in its cod-
ification of the benefits of redundancy, which
lead to locomotor robustness over environ-
mental contact errors without requiring sensing.
This contrasts with the prevailing paradigm
of contact-error prevention in the conven-
tional sensor-based closed-loop controls that
take advantage of visual, tactile, or joint-torque
information from the environment to change
the robot dynamics (5, 14). In this way, the
complexity of matter transport can be trans-
ferred from the real-time feedback-based control
(e.g., dealing with the flow of sensor informa-
tion) to preprogrammed gait design. Thus,
our framework could simplify matter transport
tasks such as search-and-rescue (34), extrater-
restrial exploration (35), or even microrobotics
(36), in which robot deployments are often
preferred but are challenging because of un-
predictable terradynamic interactions and
unreliable sensors.
However, sensory feedback can clearly be of

value when a robot becomes “stuck,”when terra-

dynamic interactions vary substantially (e.g.,
moving from low to high rugosity terrain) or
when large spatial redundancy is undesirable.
In such cases, the robot must understand its
state (through proprioception or exterocep-
tion) (13) and change dynamics accordingly.
An analogy from information theory, error-
detection coding, facilitates the augmentation
of our frameworkwith sensory-based control: in
so-called error-detection coding, the presence
of a “reverse channel” can facilitate the retrans-
mission of signals, thereby improving signal
transmission accuracy (21, 29). The introduction
of feedback can increase the capacity of a noisy
channel and can therefore decrease the coding
complexity (37). We posit that a sensor-based
framework in locomotion for a fixed number
of bacs shares a mechanism similar to error-
detection coding. If performance improvement
with increased redundant bacs becomes mar-
ginal, then sensors (e.g., monitoring foot con-
tact) that detect bac contamination could
facilitate rapid environmental adaptation (e.g.,
whole-body gait adaptation or local leg place-
ment adaptation) and further improve loco-
motion performance. Thus, a combination of
redundancy-based and sensor-based mecha-
nisms can offer unique advantages over chal-
lenging terrains, a feature similar to hybrid
automatic repeat-request method (hybrid ARQ)
in signal transmission (38).
In addition to the importance of locomo-

tion in artificial locomotors, we posit that our
matter-transport framework can give insights
into aspects of neuromechanical and mor-
phological evolution (39) from a physics of
living systems perspective. That is, animals
ranging from those which generate propul-
sion through a single bac-pair (i.e., bipeds)
(40, 41), to those which use many bacs (i.e.,
myriapods) (42), are capable of traversing
complex natural terrains. The importance of
environmental awareness and whole-body
coordination is hypothesized to diminish as
the number of bacs (redundancy) increases
(42–44). Thus, in biological terrestrial loco-
motors, there appears to be a shift toward
either advanced neuromechanical control with
reduced body appendages, or redundant body
appendages with simplified neuromechanical
control. Integration of our framework with
advances in biological experimentation could
yield insights into the benefits and trade-offs
of diverse control architectures.
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Editor’s summary
Locomotion over rugged terrain, whether human or robotic, generally requires extensive feedback to allow for
adjustments in stride to compensate for cracks, inclines, or changes in surface composition. This ability typically
requires a network of sensors to detect changes in terrain. Chong et al. show that an alternative approach requiring
minimal environmental awareness can guarantee a successful arrival using information theory. The authors draw a
parallel between having multiple, connected legs on the robot and having signal transmission protocols that minimize
error in transmission—in this case, the “signal” being transmitted is the body of the robot. —Marc S. Levine
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