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Direct Encoding of Tunable
Stiffness Into an Origami-Inspired
Jumping Robot Leg

The stiffness of robot legs greatly affects legged locomotion performance; tuning that stiff-
ness, however, can be a costly and complex task. In this paper, we directly tune the stiffness
of jumping robot legs using an origami-inspired laminate design and fabrication method. In
addition to the stiffness coefficient described by Hooke’s law, the nonlinearity of the force-
displacement curve can also be tuned by optimizing the geometry of the mechanism. Our
method reduces the number of parts needed to realize legs with different stiffness while sim-
plifying manual redesign effort, lowering the cost of legged robots while speeding up the
design and optimization process. We have fabricated and tested the leg across six different
stiffness profiles that vary both the nonlinearity and coefficient. Through a vertical jumping
experiment actuated by a DC motor, we also show that proper tuning of the leg stiffness can
result in an 18% improvement in lift-off speed and an increase of 19% in peak power
output. [DOIL: 10.1115/1.4056958]
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1 Introduction

Tunable leg compliance can be beneficial for applying legged
robots to tasks that require both an understanding of and optimiza-
tion for niche tasks. This paper introduces a method for tuning the
stiffness coefficient and nonlinearity of compliant mechanisms for
robot legs with the help of origami-inspired laminate design and
fabrication methods.

In biology, leg stiffness is an important part of the study and char-
acterization of legged organisms [1-3]. Tuned stiffness has also
been incorporated into robotic leg designs, demonstrating benefits
such as passive stability, improved running speed, lower cost of
transport, and increased peak power output [4-10]. It is also
shown that operating payload, terrain, and speed of a robot have
great impact on the optimum leg stiffness [11]. Although most lit-
erature considers leg stiffness as linear—only designing and
tuning a constant stiffness coefficient using Hooke’s law—Ilocomo-
tion performance is in fact additionally affected by the nonlinear
behavior of leg compliance. Springs with “strain-softening” force-
displacement curves have been shown to improve jumping air
time and height [12,13]. Furthermore, it has been shown from a the-
oretical perspective that running speed and stability can also benefit
from spring nonlinearity [14,15].

Three main approaches are employed in the literature for tuning
and integrating leg stiffness. First of all, the stiffness can be pro-
vided by discrete spring elements: rubber or latex tubes [5,16],
fiberglass plates [9,17], or off-the-shelf metal springs [7,10].
While being the most straightforward and conventional way, this
method often requires additional connectors and fasteners for the
springs, adding mass and design complexity. The leg may also
need to be manually re-designed when switching springs or chang-
ing stiffness. The stiffness range of some springs can be limited by
commercial availability; customization can also be difficult and
costly.

On the other hand, motors at the leg joints can mimic the
dynamics of springs through control algorithms such as virtual

'Corresponding author.

Contributed by Mechanisms and Robotics Committee of ASME for publication in
the JourRNAL oF MECHANISMS AND RoBotics. Manuscript received August 6, 2022; final
manuscript received February 8, 2023; published online March 29, 2023. Assoc.
Editor: Hao Su.

Journal of Mechanisms and Robotics

Copyright © 2023 by ASME

model control [18] and impedance control [19] to provide appro-
priate and tunable stiffness and even damping. Unfortunately, the
sensing and computing power required increase the cost and com-
plexity of the robots. Furthermore, this method has poor
energy storage efficiency and actuation bandwidth compared to
physical springs [9]. Interestingly, the repulsion force between
permanent or electromagnetic magnets can also be directly uti-
lized as a spring as demonstrated in the development of variable
stiffness joints [20-22], which might have potentials in legged
robots.

Finally, the leg mechanisms can be directly made of compliant
materials namely plastic sheets [23], carbon fiber strips [13], and
even cardboard [6] so that both the motion and stiffness require-
ments are met, which reduces cost, saves weight, and provides
greater stiffness design freedom. However, this approach adds
more difficulty to the design phase, requiring knowledge of the
material properties, extensive simulation and testing, and compact
fabrication of mechanisms. Moreover, this approach is less
studied in the literature despite its great potential in low-cost and
small-scale legged robots.

We suggest that origami-inspired laminate devices [24] make it
possible to affordably tune the stiffness of cm-scale legged robots
as illustrated in Fig. 1. The fabrication of laminate devices is
shown in Fig. 2. At first, layers of materials are individually cut
into patterns with a laser cutter and laminated together with a lam-
inate machine. Then, after the scrap and support material are
removed by a release cut, the devices are then folded and locked
into places with staples. This fabrication technique, similar to tradi-
tional origami, creates three-dimensional mechanisms through
folding up flat sheets of materials and it also extends the convention
by including cutting and multi-layer lamination to accommodate
robotic needs, which leads to multiple benefits applicable to design-
ing and building legged robots. Since the materials most commonly
used with laminate fabrication processes exhibit inherent compli-
ance at these scales, a wide range of tunable stiffness profiles can
be directly encoded into legged mechanisms. Tight integration
reduces costs by eliminating parts and saves time during assembly.
Furthermore, the dynamics of the device may then be naturally
parameterized by the geometries of its constituent links, making it
straightforward to combine and automate surrounding design and
fabrication processes.
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Fig. 1 (a) Photo of the laminate robot leg, (b) photos of the leg

tuned to different stiffness nonlinearity factors, which correlate
with the leg’s geometry, and (c) examples of stiffness profiles
of the leg
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Fig. 2 The origami-inspired laminate fabrication process

The contributions of this paper are as follows: (1) A fast, afford-
able, and semi-automatic design and fabrication method for directly
encoding tunable, nonlinear stiffness into laminate robot legs; (2)
An approach for modeling nonlinear stiffness at the spring level
and understanding leg behavior at the system level; (3) A demon-
stration of how stiffness and nonlinearity play a role in jumping
dynamics, verified through both component-level characterization
and system-level jumping experiments.

In this paper, Sec. 2 presents the approach for designing, model-
ing, and optimizing the stiffness and dynamic motion of a jumping
laminate robot leg. Section 3 develops a model that describes the
vertical jumping of the leg actuated by a DC motor. Section 4
reports the design and prototype of a leg that can be tuned to one
of six stiffness profiles. Section 5 provides details of the character-
ization and validation experiments performed on the leg. The exper-
imental results are shown and discussed in Sec. 6. Lastly, Sec. 7
concludes the paper and points out future improvements.
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2 Design Method

The design approach was structured so that legs resulting from
the process exhibited basic locomotion capabilities and sufficient
stiffness tunability while remaining as simple as possible. Thus,
we chose legs that can extend and retract in the sagittal plane and
exhibit series compliance, under the assumption that series compli-
ance heavily influences the stability, efficiency, and performance of
legged locomotion providing opportunities for further study. Rota-
tional motors were selected to drive the leg because they are widely
available in various dimensions, at different weights, and across a
spectrum of performance. The leg is a five-layer laminate device
with two outer, structural layers of the same material (sometimes
at different thicknesses), two identical adhesive layers, and one flex-
ible layer in the center.

2.1 Stiffness. As shown in Figs. 3(a) and 3(b), leg compliance
principally originates in a triangle-shaped linkage, wherein one link
is more flexible due to a section with thinner structural layers. When
the three-link system is subjected to a torque, this section bends and
the entire linkage behaves as a torsion spring.

The pseudo-rigid-body model (PRBM) for an end-loaded cantile-
ver beam with end forces developed by Howell and Midha captures
the stiffness and deformation of the flexible section, which is
modeled as two rigid links of the same total length connected by
a torsion spring [25]. The two subdivided links are then appended
to stiffer extensions on each end. Thus, the entire spring may be
modeled as a four-bar linkage with a torsion spring shown in
Figs. 3(c) and 3(d). The spring constant is calculated by

ks =yKy ZEI )]
yed

where Kj is the PRBM stiffness coefficient, y is the proportion of the
longer link of the two equivalent rigid links, E is the Young’s
modulus of the material, /= (wt>)/12 where w and ¢ are the width
and thickness of the flexible section respectively, and /4 ¢ is the
length of the flexible section. For common loading conditions, y =
0.85 and Ky =2.65 [26]. As a result, the lengths of the two rigid
counterparts of AC are lyp=1Ilsn + (1 =)y and lcp=Ilcc + 7y c-
Since the potential nonlinear stiffness of the proposed spring
cannot be described by Hooke’s law, the force and deformation

relationship is extended as

a

F = sign(x)Fnax 2

Fmax

Flexible Section

— Rigid Link

Flexible Section PRBM @ Pin Joint

Fig.3 (a) Photo of the laminate spring and (b) photo of the lam-
inate spring under deformation. The string used to deform the
spring is only for taking the photo and it is not present on the
final device: (c) model of the laminate spring at rest and
(d) model of the laminate spring under deformation.

Transactions of the ASME

€202 duNp OZ UO Jasn AYISIaAIUN 8lelS euozly Aq Jpd'ZL0LED € 9L AWl/yy08669/2L0LE0/E/9L/IPd-ajoIe/SOnoqoISWSIUEDaW/BI0"aWSE U0NDa||00|e)BIpawWSE/: Y WOl Papeojumod



where F and x represent either force and displacement or torque and
rotation, k is the stiffness coefficient, Fp,, is the maximum force
output of the spring, and a is the term expressing the nonlinearity.
We normalize nonlinearity against maximum force because the
motor in our series of prototypes, which directly compresses
the spring, is limited in the peak force it can deliver. In this way,
the spring’s maximum deformation range varies with the stiffness
coefficient to Fy,,./k. Increasing the nonlinearity term a from zero
to one to infinity corresponds to changing the stiffness profile
from initially hard to linear to initially soft, respectively, as
shown in Fig. 1. This also implies that ¢ must be increased by a
larger amount when a > 1 to achieve the same curvedness compared
to when a<1.

To obtain the ideal spring geometry for a given stiffness profile,
the stiffness error and spring mass was minimized according to the
following cost function:

fs =flaar, s, Ipc, lver, warers tavers d)
1 & ) 3)
- 2 [ =il + Wom

=1

s

where the link lengths /, flexible section width wy ¢, thickness t4 ¢,
and deformation direction d are the design variables. z; represents
the torque required to deform the spring from 6, to ,;, as calculated
by a static force analysis, and z; represents the torque calculated
from a desired stiffness profile defined by Eq. (2). Ny is the
number of discrete points compared when deforming the spring
from 6y, to O,; + Ta/k, and Wy is a weight constant that adjusts
the relative importance of the spring mass m, compared to stiffness
error. The stiffness was only matched in compression because our
spring design is intended to operate mostly in compression when
integrated into the leg.

2.2 Motion. The other function of the leg is to convert the rota-
tion of the motor into translation. A four-bar linkage was chosen
because flexure joints in a laminate device most closely resemble
pin joints in more traditional mechanisms and are simple to fabri-
cate. It is also simple to connect its crank with the link AB of the
spring to form the entire leg as shown in Fig. 1.

The laminate four-bar linkage was modeled as rigid links con-
nected by pin joints as in Fig. 4. The linkage orientation « is a
dependent variable that can be determined by making sure the
foot I is on the negative y-axis. The links FG and GI form a
single link but are intentionally modeled as noncollinear to repre-
sent the joint offset caused by the connection between them and

(a) (b) y

Rigid Link

(x1,91)

’

(i, 94)
— Rigid Link at 0,,,1
- - Rigid Link at 0,,,;

Pin Joint

Fig. 4 (a) Photo of the four-bar linkage and (b) model of the
four-bar linkage
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the link GH on the real device. Their angle § depends on the
device thickness and /.

An optimization routine was used to find a design that keeps the
foot trajectory as straight as possible when the crank is rotating; this
is described by the cost function f;, and the desired foot trajectory
y'i, with

S =JmOm1, ler, lep, lon, len, Lo, ©)

1 M )
ZNT”Z lyi = Yil + Ixi]

Om1) + y1 (&)

where the design variables include initial crank angle, 6,,;, link
lengths [, and a variable ¢ that indicates whether or not the
linkage is in crossed form. x; and y; are calculated from the
linkage kinematics, N,, represents the number of points compared
along the trajectory from 6, to 6, + Ay, and r is the virtual
radius that maps the crank rotation into the foot displacement.

y§=r(9mi -

2.3 Implementation. Several edge cases exist for motion and
stiffness optimization. For example, it is possible that the combina-
tion of design variables does not form a valid four-bar linkage or
triangle. Likewise, if 6;; is too small, the links will hit each other.
Furthermore, the spring can also be longer than the four-bar
linkage and touches the ground during jumping. When these
cases are encountered we return a large cost value. The four-bar
linkage also needs to be designed before the spring so that the
spring’s size is properly constrained. In addition, for the discrete
design variables including t4' ¢, d, and c, their continuous counter-
parts are converted by step functions. The values for all the design
parameters are listed in Table 2. The entire process and calculation
is coded in pyTHON. The differential evolution algorithm, available
in the SciPy package is used to find the global minimum [27].
Once a spring and a four-bar linkage are determined, 3D models
of the laminate devices are then created in their flattened state;
these can be easily folded up for assembly with other components
in CAD. A processing script, coded in pyTHON and based on
Ref. [24], converts the design into cut files containing the cut pat-
terns for each layer along with the cut geometry for releasing the
laminate from its web.

3  Jumping Model

To verify that the nonlinear springs function as expected in
dynamic scenarios, a model of the leg doing a vertical jump actu-
ated by a DC motor was developed and compared against experi-
mental data. We modeled only the stance phase of the jump,
because all motion after the foot leaves the ground is ballistic,
where leg design plays a significantly smaller role.

As shown in Fig. 5, the jumping leg consists of a body with a DC
motor, a spring, a leg represented by a pinion and rack pair, and a
foot. The motor spins the pinion through the torsion spring in
series. The rack converts the rotation to translation and pushes
against the ground. The foot is assumed to be always in contact
with the ground, which was later confirmed from the slow-motion
video of the actual jump. The equations of motion and the motor
electrical system can be described as

Imqgm =Ki—- bm¢.m —Ts — Tmb (6)
Il . Ts

(mh +—2>Yh =——mpg— Fy @)
I r

br=wy/r )
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b5 = — b1 (C))

Li=V —K¢, —Ri (10)

where my,, is the body mass, 1, is the motor inertia, /; is the leg
inertia, K, R, L, V, and b,, are the motor torque constant, resistance,
inductance, voltage, and damping, r is the moment arm of the
pinion, ¢,,, ¢;, and ¢, are the motor angle, the pinion angle, and
the spring deformation angle, and y, is the body displacement.
Additionally, 7, is the nonlinear spring torque similar to Eq. (2);
T, Tepresents the joint limit that prevents the motor from rotating
past Ay, ; Fp;, is caused by another joint limit that prevents the leg
from retracting beyond defined starting length. They are formulated
as

a

ks +bydh (11)

Ty = Sign(¢s)7max -
‘max

_ kmb(¢m - Aem) + bm}7¢'m’ ¢m > Agm
Tmp = ) (12)
0, otherwise
kppyo,  yp <0
Fyp, = . (13)
0, otherwise

where by is the damping of the spring, k,,;, and b,,;, simulate the
spring and damping coefficient of the motor joint limit, and k,, is
for the leg joint limit. All initial states are set to zero except y, =
—myglky,. The leg leaves the ground when the normal force experi-
enced by the foot, N =7,/r — y',,[,/r2 +mysg — Fyy,, reaches zero.

4 Prototypes

Fiberglass sheets” have been selected as structural layers of the
laminate because they have a high yield strength and are flexible,
easy to cut, affordable, and come in a variety of thicknesses.
Sheets at 0.27 mm and 0.45 mm are used for the spring’s structural
layer with the flexible section. The 0.83 mm fiberglass is used for
the other structural layer without the flexible section, providing
enough rigidity without adding too much weight. The four-bar
linkage uses 0.45mm and 0.83mm fiberglass. The Young’s
modulus E of all fiberglass sheets was measured at around 10.3
GPa based on preliminary testing. The 0.05mm polyester sheet®
is selected for the middle flexure layer, while the 0.015mm
heat-activated adhesive® is used as the adhesive layer.

Six different spring prototypes and one four-bar linkage were
designed and fabricated to form six leg variants with different stiff-
ness profiles. To be noted, our proposed method mainly follows the
third approach of tuning and integrating leg stiffness discussed in
Sec. 1. The spring in the leg design is not discrete because it is
made of the same materials of the four-bar linkage and can be
easily combined into a monolithic mechanism. For the purpose of
this study, we kept the parts modular to reduce the amount of fab-
rication required and to maintain consistency within the four-bar
linkage. In the future when developing an entire multi-legged
robot, the spring will be embedded into the leg to avoid the extra
mass and complexity of keeping all parts modular. The springs
were divided into two groups of stiffness coefficients at k={0.1,
0.2} Nm/rad and three nonlinearity factors at a={0.5, 1.0, 2.0}.
The maximum torque was set to 7p,x =0.06 Nm, resulting in 0.3
or 0.6rad spring travel range. These values represent roughly the
boundary of the feasible stiffness design space for the proposed
method, geometry, and material selection. The length of the flexible
section was limited to a small range to keep all springs similar in

2ACP Composites G-10/FR4.
2Grafix Clear Dura-Lar.
“Drytac MHA.
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Fig. 5 The jumping leg model consists of a body with a DC
motor, a spring, a leg represented by a pinion and rack pair,
and a foot

size and mass. The resulting spring designs are shown in Table 1;
the stiffness profiles predicted by the design model are plotted in
Fig. 8. The design parameters for the four-bar linkage were deter-
mined by balancing the needs of a straight foot trajectory, a low
mass linkage, and a large crank rotation range. The final design
has a crank rotation range of Ay, =1.5rad and a virtual radius of
r=40mm, as shown in Fig. 6.

A close-up photo of the fully assembled device is shown in
Fig. 1(a). To reduce the footprint of the spring, the flexible
section is divided in pieces and stacked in the direction of layer
thickness. An additional layer of 0.83mm fiberglass sheet is
added to the link FG and GI of the four-bar linkage to further
increase the rigidity. To form a leg, the spring and linkage are
then connected together with fiberglass sheets, plastic rivets,” and
staples. This allows us to quickly swap springs and test the leg at
different stiffness profiles. A small strip of friction tape’ is
applied to the foot. 3D printed parts and screws are used to attach
a micro-metal gear motor with 75:1 ratio.” The 3D printed parts
also have joint limits to constrain leg travel and the range of allow-
able motor rotation. The entire leg system weighs ~28 g, consisting
of the motor at 10 g and the laminate mechanism at ~15 g.

5 Experiments

Multiple experiments were carried out to fully evaluate the pro-
totypes. The stiffness profiles of all six springs were measured
under static loading conditions. In this experiment as shown in
Fig. 7(a), the link AB of the spring is fixed onto a force sensor®
while a robot arm® pushes the link AA’ around an axis that is perpen-
dicular to the ground and goes through the spring origin. The robot
is commanded to rotate 0.01 rad and wait 1 s at each step until the
spring’s maximum deformation is reached. The torque exerted on
the sensor and the robot’s rotation around the axis are then recorded
at ~1000 Hz. Each experiment is then repeated three times. In post-
processing, only the settled part of the rotation and torque data for
each step is averaged and used. The rotation data are also offset by
the angle where the robot begins to deform the spring, which is
determined by obtaining the angle where the torque first exceeds
0.001 Nm. Three trials for each spring are then interpolated and
averaged to form a single stiffness curve. Plots of all the curves
can be seen in Fig. 8. The stiffness coefficient and nonlinearity of
the actual devices are then found with curve fitting, which are
plotted in Fig. 9.

Heyco Products HEYClip Snap Rivets 9030.
©3M Gripping Material TB641.

"Pololu 3064.

SATI Industrial Automation Mini40 IP65/IP68.
“Universal Robots UR5e.
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Table 1 Spring designs and properties

Goal stiffness coefficient, Nm/rad 0.1 0.2
Goal nonlinearity 0.5 1 2 0.5 1 2
Shape 1 r
L\ /
=7 AN\ =
10mm

At Rest Deformed to 74,/ k Input/Output Link a=05 ——a=10 ——a=2.0
Device photo
Flexible section width/thickness, mm 21.3/0.45 12.2/0.45 13.8/0.27 31.1/0.45 24.2/0.45 22.8/0.27
Spring/Leg mass, g 5.33/28.5 4.24/27.2 4.23/27.2 5.94/29.2 4.72/27.7 4.68/27.7
Damping coefficient, 1x 10~ Nm/ 16.3 12.9 2.25 22.8 15.8 5.74
(rad/s)

(a) (b) at its fully retracted pose; the DC motor is then activated at 9V
for 0.5s, fully extending the leg. The jump is guided by a plastic
tube which slides along a pre-tensioned string. Although the toler-
ance between the tube and string’s diameter is rather large and

—— Retracted vibrations in the string are present during the ballistic phase, the

-=- Exteneded system is able to produce relatively smooth, low-friction motion

Foot Trajectory ) before the leg left the ground as shown in the Supplemental
! Video.'" The same force sensor and motion capture system are
! used to record the ground reaction forces (GRF) at 1000 Hz and
! _ o the body position at 360 Hz. Five jumps are recorded across each
° 10mm 10mm design variant. The body speed is calculated from the position

Fig. 6 (a) Shape of the four-bar linkage design and (b) photo of
the four-bar linkage device

The stiffness profile of the full leg is often slightly different from
just the triangular spring; another set of static stiffness experiments
for all the leg variants was thus conducted. In these experiments as
shown in Fig. 7(b), the link EH of the leg is fixed to the ground and
the link EF is set but not fixed to the 6,,; starting pose with the foot
slightly touching the force sensor. The robot arm then pushes the
link AA’ in the same way as the previous tests so that the deforma-
tion of the spring causes a force to be applied to the sensor. The
force and robot rotation are then recorded and processed in a
similar fashion, except that an initial offset angle is selected at the
point that the force first exceeds 0.05N. To compare the spring
and leg stiffness on the same plot (Fig. 8), an equivalent moment
arm of 34mm is used to compare force and torque; this value
was selected because it minimizes the error between spring and
leg stiffness.

Further experiments were performed to characterize the effec-
tive damping of the springs. In these experiments as shown in
Fig. 7(c), the spring is fixed onto the ground with a 10 g weight
and a marker added to link AA’. The link is then deformed to its
maximum angle and released manually. The oscillation of the
weight is tracked and recorded by a motion capture system'® at
360Hz. Assuming the behavior is similar to a second-order
linear spring, damper, and mass system, the damping coefficients
were derived from the second peak to the end of the recorded
oscillation to avoid disturbances due to initial release. The
results are listed in Table 1.

Vertical jumping experiments were then performed across all leg
variants. In these experiments as shown in Fig. 7(d), the leg starts

!NaturalPoint OptiTrack Prime 17W.
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data. The starting time of the jump is when the voltage is applied
and the lift-off time is when the measured GRF became zero.
Both the speed and GRF are forward-backward filtered with a
second-order 20 Hz low-pass Butterworth filter. The data of the
five trials are then interpolated and averaged as shown in Fig. 10.
A high-frame-rate camera'” also records the entire jumping
process at 1000 fps. Key frames of one of the jumps are shown in
Fig. 11 and the Supplemental Video'® includes a jumping clip for
every leg variant.

The motion of each leg variant was also simulated using the
model developed in Sec. 3. In each simulation, the body mass is
set to m, =20 g and the foot mass is set to m,;= 8 g. The inertia of
the pinion, /;, which is related to the spring and part of the
four-bar linkage, is ignored because it is small compared to the
reflected inertia of the motor. The simulation also uses the stiffness
coefficient and nonlinearity factor of the leg and damping coeffi-
cient of the spring measured previously. The DC motor parameters
are obtained from an experimental characterization. The radius of
the pinion is set to the same value as the virtual radius specified
in the motion design. The values for all the model parameters are
listed in Table 2. The equations were numerically solved using
“RK45” [28], available in the SciPy package in pyTHON, at a
maximum time-step of 1x 10™*s.

6 Results and Discussion

The stiffness profiles of the design goal, the model prediction,
the spring, and the entire leg are plotted in Fig. 8. It is clear that
the geometry of the proposed spring affects both of its stiffness
coefficient and nonlinearity factor. Our proposed model captures

"https:/youtu.be/RLCke-TzDjA
"2Sanstreak Corp Edgertronic SCI1.
13See Note 11.
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Fig. 7 Experimental setups for (a) the spring static stiffness, (b) the leg static stiffness, (c) the spring damping coefficient, and

(d) the leg jumping test

this relationship well, and the design method is capable of tuning
the stiffness profile on demand. Table 1 further shows that springs
with the same nonlinearity factor have very similar geometric
shapes. For linear stiffness, the spring is similar to a slim isosceles
triangle. As the stiffness becomes nonlinear, the shape turns into
an obtuse triangle. Depending on whether the spring is deformed
toward or away from the grounded link, the initially soft or ini-
tially hard stiffness curves can be achieved. Conceptually, given
a torque applied to the input link, the difference in shape alters
the ratio between the tangential and normal force applied to the
output link. As the spring is deformed, the ratio also continues
to change and results in the nonlinear stiffness curve. The
stiffness coefficient is driven primarily by the width of the flexible
section, while the thickness of the flexible section determines
the maximum or minimum “local” stiffness one spring can
achieve. For example, since an initially soft spring has a very

031012-6 / Vol. 16, MARCH 2024

small slope when slightly deformed, a thinner fiberglass sheet
has to be used.

As illustrated in Fig. 9, the achieved range of stiffness profiles for
actual springs and legs is smaller, even though the model predicts
relatively large coverage across the goal design space. This is
mainly because the remaining links in the system are not rigid
enough and the flexure joints have additional, unintended compli-
ance, unlike ideal pin joints. We confirmed this by comparing the
stiffness profiles of four variants of the k=0.2 and a =0.5 spring
design, among which three of them are laminates but with different
width of the supposedly-rigid links and one is a closer-to-ideal 3D
printed version with all joints supported by bearings and only the
flexible section made from fiberglass. Details are omitted here to
stay within the page limit and focus on the main topic. Material var-
iation and fabrication inaccuracy also play a role in the deviation
observed. The actual devices exhibit less nonlinearity than the
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Fig.8 Plots of tuned stiffness profiles of the robot leg, each with
a comparison across the design goal, model prediction, individ-
ual spring, and entire leg. It demonstrates that both stiffness
coefficient and nonlinearity are tunable for the proposed spring
and leg design: (a) k=0.1 Nm/rad and (b) k=0.2 Nm/rad
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Fig. 9 Plot of the achievable design space of the robot leg.
There is a trend of shrinkage from the design goal to model pre-
diction to individual spring to entire leg.

model; this effect is worse for the entire leg than the spring. For both
initially hard springs, the stiffness profiles of the entire legs are less
nonlinear than their springs alone. The range of stiffness coeffi-
cients for real devices is also smaller, though it matches better
than the nonlinearity factor. In the worst case, the lower bound is
11.0% higher for an initially soft spring and the upper bound is
14.5% smaller for an initially hard spring.

The differences between springs’ damping coefficients can be
quite significant, as shown in Table 1; they are clearly related to dif-
ferences in geometry. The springs with thinner flexible sections
have smaller damping coefficients; for springs of the same thick-
ness, the damping coefficient is proportional to the width of the flex-
ible section.

For the vertical jumping simulation and experiment, the body
speed, GRF, and the power output are displayed in Fig. 10. The
“power output” represents the power received by the leg; it is
approximated from the product of body speed and GRF. The rea-
sonable agreement across the results shows that the characterization
method of the springs is valid and that the jumping model captures
the key behaviors. It also affirms our hypothesis that leg stiffness
can be tuned to achieve different performances. In fact, the liftoff
speed of a leg with stiffness k=0.1 and nonlinearity of a=2.0 is
17.7% larger than a leg with stiffness of k=0.2 and nonlinearity
of a=0.5, considering a relatively small difference in mass. Peak
power output can also differ as much as 19.4%. More interestingly,
there is a nearly linear relationship between peak power output and
nonlinearity in both simulation and experiment, as shown in Fig. 12.
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Fig. 10 Plots of body speed, GRF, and power of the robot leg
jumping with different stiffness profiles. Both simulation of the
model and experiment data are plotted. They are in close agree-
ment especially on the correlation between nonlinearity and peak
power output: (a) k=0.1 Nm/rad and (b) k=0.2 Nm/rad
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Fig. 11 Key frames of one of the jumping trials. The leg has a
stiffness profile of k=0.1 Nm/rad and a =0.5.

Such relationships are not caused by the damping of the springs,
since the simulation without damping produces similar results.
Although a larger stiffness coefficient and nonlinearity search
space might lead to further improvement in jumping performance
theoretically, it is difficult to achieve in practice because the goal
design space for this study is already out of reach for the selected
design, geometry, and material as previously mentioned in Fig. 9.
Additionally, some parameters that could significantly impact the
performance such as the mass and damping are dependent and
not individually tunable hinted by Table 1. Nevertheless, we do
intend to explore techniques that could widen the achievable
design space in the future.
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Table 2

List of parameters and their values

Parameter Value Unit
Stiffness design
Ian [10, 30] mm
lABa IBC [20, 80] mm
lye [40, 50] mm
Warcr [10, 40] mm
lec 10 mm
tac {0.27, 0.45} mm
tan’s tass tes teo 091 +ty ¢ mm
{-1,1}
N, 50
Wi 1 Nm/kg
E 10.3 GPa
p 1820 kg/m®
y 0.85
Ky 2.65
Tmax 0.06 Nm
k {0.1, 0.2} Nm/rad
a {0.5, 1,2} Motion design
Motion design
0,1 [—m, n] rad
lers lpGs loms lens lor [10, 70] mm
ters trGs tGrs tERS LG 1.36 mm
c (-1, 1}
r 40 mm
Ag, 1.5 rad
Ny, 50
Jumping model
K 0.122 Nm/A
L 580x 107° H
R 10.9 Ohm
% 9 A%
. 2.48x107* Nm/(rad/s)
my, 0.02 kg
ms 0.008 kg
I, 8.02x107° kgm?
I; 0 kgm®
Ky 10 Nm/rad
b 0.1 Nm/(rad/s)
ke, 5000 N/m
g 9.81 m/s?
(a) (b)
*
Posie < No Damping
~2.0 4 27 /1 -
= == Model
= — Experiment /":'
= - e
° 7 P
~ * A
5 1 " =
By 7
-~ ’,’

075 1.00 125 1.50 075 1.00 125 1.50
Nonlinearity Nonlinearity

Fig. 12 Plots of the relationship between the peak power of
the vertical jump and the leg stiffness profile. For both stiffness
coefficients, the peak power is linearly proportional to the nonlin-
earity: (@) k=0.1 Nm/rad and (b) k=0.2 Nm/rad

7 Conclusions

The origami-inspired laminate design and fabrication method is a
powerful tool for quickly producing low-cost and diverse compliant
robot legs. The proposed design, modeling, and optimization
approach enables one to tune both the stiffness and nonlinearity
of arobot leg from only a few design parameters, without any addi-
tional manual design steps. Once the design scripts were written and
CAD models parameterized, it took only ~2h to generate and fab-
ricate all laminate components for all six variants. Our results also

031012-8 / Vol. 16, MARCH 2024

demonstrate significant performance improvements through tuning
these parameters via a series of vertical jumping experiments.

Several shortcomings will be addressed in future work. First, the
achievable design space is rather small compared to the predicted
space. The simplest solution is to utilize more complex cross-
sectional profiles to stiffen links, via folding or other means.
Another option is to explore a wider range of materials to expand
our range of available stiffnesses. On the other hand, instead of
increasing complexity by stiffening inherently soft systems, we
should also consider the advantages of keeping the leg design as
simple as possible and optimizing our design to account for the par-
asitic compliance found in our current materials. Since our robots
can be built quickly and affordably, this enables us to collect
more data using real devices. Future work will explore machine
learning techniques that can bridge the sim-to-real gap using exper-
imental data, potentially avoiding the “arms-race” of making stiffer,
larger, and thus more massive devices. Other differences between
simulation and reality can be attributed to the relatively high
inertia of the leg, and interference from the linear guide. This
issue can be mitigated by carefully balancing the mass distribution
of the entire robot system or scaling the system up.

This paper serves as a starting point of encoding tunable stiffness
directly into laminate robot legs. This method lowers the barrier
associated with studying the role of stiffness and nonlinearity in
legged locomotion. It is our aim that this approach leads to more
affordable, legged robot designs that can be easily tuned for novel
applications and scenarios.
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