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An Energy-Dense Two-Part Torsion Spring
Architecture and Design Tool
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Abstract—Emerging wearable, assistive, and mobile
robots seek to interact with the environment and/or humans
in a compliant, dynamic, and adaptable way. Springs are
critical to achieving this objective, but the associated in-
crease in volume, mass, and complexity is limiting their
application and impact in this rapidly developing field. This
article presents a novel rotary spring architecture that is
both lightweight and compact. Our two-part spring consists
of radially-spaced cantilever beams that interface with an
internal, gear-like camshaft. We present the concept and
equations governing their mechanics and design. To facil-
itate broad adoption, we introduce an open-source design
tool, which enables the design of custom springs in min-
utes instead of hours or days. We also empirically demon-
strate our design with four test springs and validate the
achievement of target spring rates and deflections. Finally,
we present several redesigns of existing springs in the
robotics literature to demonstrate the wide applicability of
our spring architecture.

Index Terms—Design, prosthetics, robotics, series elas-
tic actuators (SEA), springs, wearable robotics.

[. INTRODUCTION

PRINGS are essential building blocks for many engineering
S applications, including storing elastic energy and measur-
ing force or torque. This combination of functionality makes
springs highly desirable in human-centered robotic applications
(e.g., rehabilitation technologies, exoskeletons, and prostheses);
however, the added weight and complexity of incorporating
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springs can result in a difficult tradeoff for these mobile sys-
tems [1], [2], [3], [4], [5]. One common implementation in-
volves placing a spring between the output of the transmis-
sion and the load, which is known as a series elastic actuator
(SEA) [6]. Although not without drawbacks—namely force
bandwidth reduction and the aforementioned increase in mass
and complexity—this design paradigm has notable benefits,
including compliant interaction with the environment, torque
feedback, energy storage, and improved shock tolerance. In
recent years, the SEA application has become a driving force in
torsion spring designs. For mobile robot systems, these designs
have prioritized specific energy (energy storage per mass) and
energy density (energy storage per volume). With SEAs be-
coming more prevalent, simple torsion spring designs, including
thin-walled tubes and cantilever beams, pose challenges in pack-
aging and volume. Torsion tube springs with thin walls [7], [8]
and long beam flexures with cam-rollers [9] or hinges [10] can
be effective for low stiffness applications, and their low weight
results in high specific energy. However, to achieve appropriate
stiffness values, the aspect ratio—length over diameter—must
be considerable [11]. Thus, these approaches result in long, thin
springs that are often impractical for rotary joints in robots. This
challenge has resulted in an era of spring designs that prioritize
convenient packaging in addition to specific energy and energy
density.

To achieve convenient packaging, recent designs have em-
phasized disk-like architectures that balance specific energy,
compactness, and required mechanics. These springs incorpo-
rate torsional elasticity between a central anchor point rotated
with respect to an outer rim. Some early researchers achieved
this design by arranging prismatic springs tangentially around
a circular frame [12], [13]. However, this approach results in a
nonlinear stiffness behavior [13] and has the added complexity of
several removable parts. The latter concern may be responsible
for the transition to monolithic springs in subsequent designs.
One of the most common and successful planar monolith spring
designs connects the central anchor to the rim with one or more
spiral arms [14], [15], [16], [17], [18], [19]. This configura-
tion is efficient and works well with a wide range of stiffness
coefficients (e.g., 30-800 Nm/rad); however, the nature of the
spiral arms often causes differences in stiffness depending on
the direction of deflection [19]. Other designers have instead
emphasized torque-sensing resolution [5], [20], [21], [22], [23],
[24], [25] in their development. These designs have produced
compact springs that are generally limited in their deflection
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Fig. 1. Changing the loading condition of a beam influences both the
stiffness and deflection. A fixed-fixed condition (a) favors high stiffness
and low deflection while a fixed-free condition (b) favors low stiffness
and high deflection.

(e.g., less than five degrees) and torque limits, which has dimin-
ished their success in some applications. While the overall spring
performance has been well-predicted in some cases [17], [18],
the directionality and limited range of motion are drawbacks of
these approaches.

One method to improve the energy density of springs is to
modify the loading condition of the elastic elements within the
spring. That is, the abovementioned monolith spring designs
fully constrain both ends of the spring (i.e., fixed—fixed geome-
try), which prevents the material from achieving ideal bending,
causing lower energy density, and specific energy of the final
spring [see Fig. 1(a)]. In addition, they are constrained by the fact
that strain rate must be continuous as a function of spring radius,
which ultimately limits potential deflection. One way to shift
toward more energy-efficient loading conditions and eliminate
the strain constraint is to develop springs that can be assembled
from multiple parts. For example, Herodotou and Wang [26]
proposed a novel design in which one end of the arm is fixed
and the other end is hinged. This example is quite efficient (by
mass) and the stiffness was accurately predicted by models and
finite element analysis (FEA). Drawbacks of these designs are
that they add complexity, and have thus far only been developed
for extremely high stiffness values (1950 Nm/rad). A fixed-free
loading condition trades stiffness for deflection, and thus allows
low stiffness at high deflections [see Fig. 1(b)]. Since spring
energy is related to the square of deflection, this approach results
in greater energy storage when compared to a fixed—fixed beam
of the same size.

A spring design that fully exploits an efficient loading con-
dition should, therefore, be capable of achieving low stiffness
behaviors while also maintaining a compact form factor and
low mass. In addition, a design that employs a convenient mate
with transmission components (e.g., fitting inside the timing
belt pulley of a belt-drive transmission [27]) would be novel
and desirable. Inspired by Mooney et al. [28], we developed
a two-element planar spring design that addresses these gaps,
is predictable and customizable, and has high energy-per-mass
and energy-per-volume efficiency. The preliminary design and
findings were presented previously [29], but significant devel-
opments will be shared herein.
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In this article, we build upon our prior work by the following
contributions.

1) Detailing the complete mathematical backing for a com-
pact and lightweight rotary spring design based on simple
design indices.

2) Presenting an openly-available design tool for rapidly
generating custom springs from simple user inputs [30].

3) Empirically validating the designs of four representative
test springs, which more completely span the design
space.

4) Demonstrating the effectiveness of both the spring and
design tool with respect to the current literature.

These contributions enable rapid adoption of an energy-
efficient spring design and lay a foundation for widespread
inclusion of springs in lightweight and compact technologies,
including but not limited to wearable robots.

Il. SPRING DESIGN

In this section, we present the design of our spring topology
(see Fig. 2) and provide the governing equations that describe
the mechanics and geometry of the individual flexures. Our
intent is to motivate the rationale for our design decisions as
well as provide a guide for other researchers to modify for other
applications. In addition, we have developed a spring design tool
and graphical user interface (see Section III), which is openly
available in [30].

Our spring design [see Fig. 3(a)] comprises a gear-like
camshaft in contact with a ring of radial flexure teeth. The
teeth protrude inward from a shared outer ring, which is fixed to
the spring housing. In operation, the gear-like camshaft rotates
relative to the rim ring, imposing a contact force upon the tip of
each tooth and causing each of the inward-pointing flexures to
bend like a cantilever (i.e., fixed free) beam. The rim of the spring
is fixed in place using dowel rods that oppose rotation between
the spring and the inner bore of the housing [see Fig. 2(a)]. This
is accomplished by designing both the rim ring and the spring
housing with complementary semicircular cutouts, and inserting
the dowel rods in the hole when the spring and housing are
properly aligned. Thus, when the camshaft rotates, it imposes
a torque on the spring geometry, which is reacted by the dowel
rods, and therefore transferred to the housing (e.g., an output
pulley or gear).

A. Camshaft Design

The designed loading condition of this spring enables maxi-
mum strain—and thus energy storage—of the bending flexures.
Typical monolith springs are limited in this respect due to the
constraint that the strain rate must be continuous as a function
of spring radius. The relative motion that occurs between the
camshaft and spring in our two-part design eliminates this con-
straint. Taking advantage of this extra degree of freedom, we
specifically designed the cam-spring interface to approximate
ideal bending: the most efficient loading condition for bending
beams.

Ideal bending occurs when a pure moment is imposed along
the full length of a beam. This condition can be approximated
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Rotary spring design based on bending cantilever flexures. (a) Spring neatly mates with transmission components—in this case, a belt

pulley in the knee and ankle of the open-source Leg v2. (b) and (c) Flexures mate with a gear-like camshaft, which loads the spring when rotated. d)
the original design consists of straight flexures with a tapered profile. (e) and (f) Later designs feature serpentine flexures in addition to the tapered
profile. (g) Number of flexures was also optimized for maximal energy storage in the spring.

by applying a force to the free end of the beam, with the force
being perpendicular to the neutral axis of the beam. Under this
condition, the stress due to the force is small compared with the
stress caused by the induced moment, and it therefore resembles
a pure moment.

To achieve an applied force that is nominally perpendicular
to the length of each flexure, we designed the contact interface
to be a circular flexure tip that slides along an involute cam
profile. The derivation of the cam profile was accomplished
by approximating the path of the flexure tip as parallel to the
y-axis [see Fig. 3(b)] throughout the range of spring deflection
(i.e., small angle approximation) and iteratively resolved the
necessary geometric constraints: at each position along the ap-
proximated tip path the camshaft must be tangent to the circular
tip and the contact point must be coincident with the line of the tip
path. These constraints resulted in a cam profile that is involute
to the contact radius and ensures the prescribed perpendicular
contact force.

B. Straight Tapered Flexures

To maximize the specific energy of the spring, each inward-
pointing flexure is tapered. The tapering law [31] ensures that
the entirety of the two bending surfaces [see Fig. 3(b)] reach
the desired design stress at peak deflection. Consequently, a
significant amount of material can be removed from the standard
nontapered beam, increasing the ratio of energy storage to mass.
This tapering law governs A [the distance from the neutral
axis to the edge of the beam, see Fig. 3(b)] as a function of

x (the distance along each flexure), and is derived from basic
beam-bending mechanics [32].

For a generic beam, we know o = %, with o as axial stress,
M as applied moment (F'(L — z) for our loading condition),
A as above, and [ as the second moment of area. In the case
of a planar spring, we have I = ZtT}‘S, with ¢ as the thickness of
the spring [see Fig. 3(b)]. To achieve maximum stress along the
length of the beam, we choose A at each cross section such that
o = 04, the design stress

3F(L — )
2tA3 )

Az) = /%{;x). )

This tapering law fully constrains the flexure geometry and
can be used to relate spring rate and bending strain energy. By
equating bending strain energy and the desired energy storage
of the spring, we can then predict deflection properties of the
spring.

Assuming that the flexure-cam interface indeed approximates
ideal bending, we can easily calculate strain energy. For a generic
beam in bending, strain energy (U) is defined by U = MTQ, with
M as previously defined and 6 as deflection angle. We also
know that & = kL, where (curvature) k = % Thus, we see that

U= % For a varying beam profile with small deflections, we

g4 =
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frames and loading condition for a straight flexure. (c) For a serpentine
flexure, where surfaces A and B are the bending surfaces, ¢ is the flexure
thickness, L is flexure length, A is the distance from the neutral axis to
the bending surface, and F is the force applied at the tip of the flexure.

(a) Spring with labeled parts. (b) Schematic of beam coordinate

can rewrite strain energy as follows:

L 2
F*(L — )
U= ———dx. 3
/O 261 %)
Substituting our definitions of I and A yields
L 2 2
3F*(L —
U = / (—‘T)3 dz. 4)
0 4Ry 3F2(tl;;w)

Rearranging and simplifying

2 L
ot 3F(L —x)
= — _— d
U=3g /0 2oy ©)

which can be rewritten in closed form as

[2tF 30

Since force (F) is a function of stiffness (%), desired deflection
(Oges), the number of flexures (n), and the flexure-camshaft
contact radius (r), this can be further simplified to

[2tkbges L3073
U=/ =22 2d 7
27E%rn 7
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The desired energy storage of a single flexure can be calculated
by simply dividing the elastic potential of the full spring by the
number of flexures

_ 1 2
€ = 5 Kb (8)

Therefore, equating the two expressions for energy storage
within a flexure—(7) and (8)—and solving for 4. allows us
to predict the spring deflection as a function of spring design

variables
8tnL303
0 es — y d .
des =\ D7 B2k ©)

Thus, while the tapering law characterizes mass-efficient straight
flexures, specific stiffness (k), geometry (r, L, n, t), and material
(E, 04) constraints directly limit the possible deflection of the
spring (9). In addition, the energy density of the spring disks is
limited due to the necessary gaps between flexures to accom-
modate deflection and the gear-like camshaft.

C. Serpentine Tapered Flexures

To maximize energy density while maintaining high specific
energy, it is possible to design serpentine flexures that follow
the tapering law. This results in beams that are effectively longer
than the straight flexures, yielding higher energy storage through
increased flexure deflection for the same outer diameter. A
serpentine design also makes better use of the gaps between
flexures, resulting in higher overall volume-efficiency in com-
parison to the straight flexure designs.

To parameterize the design of serpentine flexures, we first
rewrite the expression for strain energy (5) by substituting our
definition of A (2)

1 0(21 L
=-_-—=t(2 rd 10
UT6E ( /0 x) (1o
which can be further generalized to
107
U=_-49tA. 11
5 (1

Energy storage is therefore a function of the planar area of the
flexures (A), so by appropriately increasing A, we can increase
energy storage. Equating desired energy storage (8) with our
updated expression for strain energy (11), we easily determine
the required planar area (Agrp) of a flexure that achieves our
desired peak deflection and torque

3662, F
noit

Aserp = (12)
Therefore, knowing the required planar area (Agp) and the
governing tapered profile, one can define a serpentine flexure that
satisfies the constraints. With this approach, spring deflection
and stiffness can be prescribed independently, yielding increased
design flexibility. To aid in the classification of a spring with such
flexures, we introduce two design indices that indicate feasibility
of a spring.
1) Serpentine factor (f5): The serpentine factor is calculated
as fy = 1’22 , where A,on, is the planar area of the straight
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flexures—and describes the sinuosity of a given flexure. If
fs = 1, then the desired spring will have straight flexures.
If fs < 1, the flexure is undefined, and the diameter of
the spring can be decreased while still maintaining the re-
quired deflection. Finally, if fs > 1 flexures should have a
serpentine shape in order to achieve desired performance.

2) Density factor (fq): A density factor is calculated as
fa= %, where n is the number of flexures in the
spring and A 18 the annular (donut shaped) area, in
which the flexure teeth lie. This indicator describes the
compactness of the flexures within the spring: a value of
1 would indicate that the spring is a solid disk (all flexures
are touching) whereas a value of 0 would represent a
spring with no flexure teeth. In the testing performed,
we have had difficulty designing springs that do not
self-intersect with f; > 0.55.

D. Additional Factors

Several other design parameters have large effects on energy-
storage potential, namely, the number of flexures and the flexure-
camshaft contact radius. First, increasing the number of flexures
within the spring reduces the empty space between flexures—
similar to the serpentine concept—and thus increases energy
density. Second, decreasing the contact radius makes space for
longer flexures, and therefore also increases the energy density
of the spring.

The direct relationship between these parameters and spring
deflection can be seen by returning to the expression for desired
spring deflection (9). Thus, even when all geometry and material
parameters are fixed, increasing the number of flexures (n) fur-
ther increases deflection and therefore energy storage. Similarly,
decreasing contact radius (r) directly improves deflection, and
it also increases L (L = R — r, R being the root radius), which
again increases spring deflection. Practical limitations typically
govern the possible number of flexures and a feasible contact
radius (e.g., nearness constraints of flexure tips). Therefore, a
proper selection of these parameters can greatly enhance spring
performance.

To summarize, by designing springs with ideal bending of
tapered flexures, we can achieve high specific energy. Select-
ing the optimal number of flexures and imposing a serpentine
geometry increases the energy density.

[ll. FLEXURE PROFILE OPTIMIZATION

Since serpentine geometries have many degrees of freedom,
we use optimization to automatically define the flexures and
offload the burden of geometry selection from the user. Using
our software, we can quickly generate one of the many spring
profiles that meets desired specifications. Our approach is based
on nonlinear optimization that is constrained to achieve the target
planar flexure area (among other requirements). We developed
this tool to enable quick and simple adoption of this new spring
design, and thus lower the barrier to entry for devices with
custom elastic elements (files and instructions available [30]).
The tool is implemented as a MATLAB application (available
as a MATLAB installation file or as an .exe), and generates
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output files that can be loaded into complete computer aided
design packages (e.g., SolidWorks, Dassault Systemes, Velizy-
Villacoublay, and FR) as a 2-D sketch component from which
the solid body of the spring can be extruded in a single operation.

The primary objective of our profile optimization is to design
a spring flexure that has the desired serpentine factor (f,) and
thickness profile, thereby meeting the performance requirements
of the spring. The spring designs are parameterized such that the
planar area (and thus the serpentine factor, stiffness, and total
stored energy) can be adjusted by the constrained nonlinear
optimization without increasing the packaging volume of the
spring. Since the serpentine geometry has many degrees of
freedom, the optimization is underdefined without secondary
objectives. Thus, the optimization includes constraints that align
with the assumptions made during the derivation of the design.
Specifically, these constraints impose flexure configurations
with straight tips, straight roots, laterally balanced geometry,
smooth curves, and low likelihood of self-collision, in addition
to the planar area requirement.

We parameterized the shape of our flexure using the cen-
ter curve and thickness profile—both being inputs to the op-
timization. The center curve is defined using a cubic spline
interpolation with end conditions. Splines were chosen for their
robust manipulability. The end conditions predefine the desired
zero-slope conditions [see xy-plane in Fig. 3(b)] at both the tip
and the root of the flexure, while the interior control points allow
precise manipulation of the shape between the two ends. During
optimization, the number of control points is held constant, as
well as the overall packaging format of the spring (e.g., outer
radius of the flexure disk and nominal radius of the gear-like
camshaft). Points (Zegge and geqee) along the boundary of the
flexure area are technically defined by moving a distance of A
(2) in the direction perpendicular to the slope (m) of the spline
at each point (x. and y.) along the center curve

Tedge Te 1 )‘(xc)
= 7| & sgn(m)—Fe) (3
[yedge‘| Ye 7n‘| g ( ) V m? + 1

Area is then computed numerically using a high-resolution
approximation of the flexure curve.

Due to the presence of many local minima in our objective
function (which complicates convergence to a global optimum),
we include run time as a user-defined input, and restart the opti-
mizer repeatedly from randomized initial conditions until time
expires. The optimization is implemented using MATLAB’s
fmincon, and the computational requirement causes it to take
several seconds to solve one set of initial conditions. We tested
the implementation on a 4-core 1.50 GHz processor and have
found that setting the run time to 30 s allows the tool to find
several viable spring designs. The final spring design is then
automatically selected from the solutions of all trials.

Several constraints ensure a feasible solution of the nonlinear
optimization. These constraints use a 2-D coordinate system
with x pointing outward from the center of the spring disk along
the nominal center of the flexure.

1) The z-coordinates of the n interior control points are
constrained to be in descending order.
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2) The corresponding y-coordinates are constrained to the
range [—%,0] or [0, £] for odd or even points, respec-
tively. This forces the spline to be roughly centered about
the x-axis.

3) The flexure face is constrained to have exactly the de-
sired planar area. As shown in the characterization of the
spring design, this is necessary to achieve desired spring
performance. It is implemented by limiting the difference
between the desired and actual serpentine factors (f; ges.
fs) to less than 0.001.

4) The spring is also constrained to be laterally balanced
across the z-axis, which ensures that the spring will have
similar performance in both loading directions. This is
implemented as follows, where n.. is the number of points
along the centerline spline and ¥, ; is the ¢th y-coordinate
along that spline:

Ne

Z Ye,i| < 0.001.

i=1

(14)

The cost function is defined to penalize a combination of
the sharpness of curvature and nearness to self-collision be-
tween flexures. Eliminating sharp curves is necessary to avoid
the nonlinearities associated with stress concentrations. This
is achieved by penalizing high curvature along the centerline
spline. Curvature (K) is calculated numerically and the sum of
the squares of the curvature is included in the cost

np

2

Csharpness — g KZ‘ .
=1

Collision of neighboring flexures leads to premature failure of
the spring, so the best spring will have a large minimum distance
(dmin) between neighboring flexures. The minimum distance is
calculated by checking the distance between every point along
neighboring curves. The minimum is then stored, and its inverse
is added to the cost, making small distances expensive

1

dmin

s)

Cnearness — (16)
The total cost is then calculated as a weighted sum of Csparpness
and Cpearness-

To facilitate dissemination of our spring concept, we devel-
oped an open-source design tool that implements this profile
optimization to automatically design a matching spring and
camshaft according to customizable user inputs (see Fig. 4).
Inputs include basic geometric constraints, material properties,
and performance specifications. The 2-D spring profile is output
as Cartesian (i.e., x, y, and z) points in a. txt (or. csv) file, which
can be easily imported to CAD software and extruded to achieve
the full 3-D model. We utilized this tool to design the springs
used in the experimental validation of this spring design.

[V. HARDWARE VALIDATION OF SPRING DESIGN
FRAMEWORK

We empirically validated our design framework by comparing
four springs with differing geometries and identical desired
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Fig. 4. Spring design tool for rapid customization according to spring

requirements.

stiffness coefficients [see Fig. 2(d)—(g)]. The four springs in-
tentionally employ different serpentine factors and root radii
(i.e., to simulate springs with a smaller outer ring diameter) to
highlight the impact of the flexure geometry on spring stiffness
and energy storage capacity. Specifically, the springs tested in
this study were as follows (see Table I).

1) Spring One (S1): It uses 24 straight flexures with a 31 mm
root radius, and serves as a baseline comparison for the
other designs.

2) Spring Two (S2): It uses 24 flexures with a moderate
serpentine factor, 1.24, to demonstrate the increased al-
lowable deflection of serpentine flexures when compared
to the straight flexures of S1. Its flexures were designed
with a 31 mm root radius—equivalent to that of S1.

3) Spring Three (S3): It illustrates how serpentine flexures
can enable similar performance to the straight flexures of
S1 within a smaller enclosed volume. It was also designed
with 24 flexures, but with an aggressive serpentine factor
of 1.32 and a 26 mm root radius—substantially smaller
than that of S1 and S2.

4) Spring Four (S4): It was designed to demonstrate the com-
bined effect of using serpentine flexures after optimizing
the number of flexures and the flexure-camshaft contact
radius for maximum deflection. It has a light serpentine
factor of 1.17, 31 flexures, a 5.1 mm contact radius, and
the same 26 mm root radius as S3.

All four springs were manufactured from hardened SS 420,
and were designed with a target spring rate of 150 Nm/rad, spring
thickness of 4.5 mm, and identical outer radius (33.5 mm) to
interface with the spring housing.

Although not empirically validated, we also designed our
springs to last roughly 100 000 alternating cycles under full load.
Using S-N curve estimation as outlined in [33], we determined
the design stress (912 MPa) that achieves 100 000 cycles with
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TABLE |
DESIGN PARAMETERS AND EXPECTED PROPERTIES OF THE FOUR SPRINGS
. Spring Desired Root Contact Cycles
Is)ignrgn Rate Deflection I\ZIa)ss Radius Radius Flex lSTZI;It) l?:;s' to
g (Nm/rad) (rad) g (mm) (mm) . g " Failure
S1 150 0.220 57.3 31.0 6.0 24 1.00  0.40 100,000
S2 150 0.253 71.0 31.0 6.0 24 1.24  0.53 100,000
S3 150 0.211 51.8 26.0 6.0 24 1.32  0.53 100,000
S4 150 0.234 60.1 26.0 5.1 31 1.17  0.64 100,000

The mass of all four springs was calculated assuming a 2.5 mm thick rim connecting all flexures on the outer edge.

i

Fig. 5. Testbed used to evaluate spring performance. By tracking opti-
cal fiducials with a camera, we were able to measure true deflection of
the springs.

our material (SS 420). This stress limit was used as an input to
the design tool when creating all four springs.

A. Methods

The purpose of our hardware testing was to empirically vali-
date our spring design approach, where each spring was designed
with identical stiffness values. Our experimental apparatus (see
Fig. 5) deflected the spring by actively using two opposing
actuators, while simultaneously measuring the deflection and
torque at the spring interface. The springs were held in a housing
with complementary semicircular cutouts on the inner bore (see
spring design). The applied moments were opposed by inserting
dowel rods in the circular cutouts at eight evenly-spaced loca-
tions around the spring. Torque was measured with a contactless
sensor (TRS605, Futek, Irvine,CA, USA) in series with the
spring assembly. The torque sensor output an analog voltage that
was sampled by an 16-b analog-to-digital converter at 265 Hz.
Rotary motion was provided by two identical brushless dc actu-
ators (ActPack, Dephy Inc, Maynard, MA, USA), each coupled
to a transmission (50:1 PL2090-050, Boston Gear, Boston, MA,
USA), as used in [29] and [34]. The actuators were controlled
in current or position control modes by a microprocessor (RPi

Fig. 6. Optical measurements allowed us to evaluate the true deflec-
tion of the springs. (a) High-definition video recorded the movement of
the optical fiducials. (b) We tracked each fiducial within the frame, fit the
tracked circles to an ellipse, and detected changes in the orientation to
calculate angular position.

3 Model B+, Raspberry Pi Foundation, Cambridge, U.K.). Both
actuators include an encoder; however, deflection within the
transmission and testbed setup added error and we therefore
obtained the spring deflection separately. Spring deflection was
directly measured using a custom optical encoder and image
processing algorithm. Two arrays of optical fiducials were used
for the measurement: one set was rigidly mounted to the shaft
that engaged the spring, while the other set was fixed to the spring
housing. Tracking these two fiducial arrays enabled deflection
to be sensed locally at the spring interface, improving the quality
of our measurements.

A dedicated high-definition camera provided input to our im-
age processing algorithm. The camera (RPi Camera Module 2,
Raspberry Pi Foundation, Cambridge, U.K.) recorded the move-
ment of the optical fiducials during motion and we performed an
offline analysis to determine relative angular displacement (see
Fig. 6). We used filter masks to reduce the image to the areas
of interest (the two arcs containing fiducials). Subsequently, we
used OpenCV [35] to track the fiducials in the plane of the image,
and determined the displacement using best-fit ellipses obtained
from a calibration procedure. The accuracy of this approach
was validated by comparing the measured displacement to that
measured by the motor encoders during unload, and the resulting
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Fig. 7. Measured spring rates of S1, S2, S3, and S4 over (a) each
spring’s respective operable range and (b) small deflections to show
zero-torque crossover behavior. For reference, arrows indicate the load-
ing path for S4, and the target spring rate of 150 Nm/rad is also dis-
played.

error fell within 95% CI [0.0442, 0.0443] radians. To improve
the measurement, we used the relationship between true angle
and camera-measured angle (obtained with a no-load calibration
procedure) to remove periodic nonlinearities due to optical
effects from camera-measured angles. With this additional step,
the error of the corrected camera-measured angles reduced to
95% CI [0.00079, 0.00082] radians.

The testing that we performed thoroughly spanned the ex-
pected operating ranges of the springs. With each spring, we
increased the deflection in one direction to a specified limit, then
subsequently decreased the deflection to zero and repeated the
process in the opposite direction. We began with two degrees
of deflection in both directions and increased the allowable
deflection in 1-2° steps until we reached deflections well past
the designed limit. Each ramp lasted 5 s, so smaller angles of
deflection also had a slower associated angular velocity. By
comparing deflection and torque measurements, we quantified
the torque—angle relationship of each spring and the maximum
ranges of safe operation.

B. Results

The measured performance of the springs closely matched the
desired specifications. First, each spring achieves its designed
deflection limits without signs of failure (see Fig. 7). In addition,
the measured spring rates closely align with the target spring
rate (see Table I), falling within 6% of the intended value for all
four springs (see Table II). We also quantified energy loss due to
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TABLE Il
SPRING RATES OF THE FOUR SPRING DESIGNS DURING LOADING AND
UNLOADING IN BOTH POSITIVE AND NEGATIVE TORQUE REGIMES

Spring Rate (Nm/rad)

Spring . . Error

Design Pol;oadllltlgeg. PE)J: load;lgg. Ave. (%)
S1 1492 1509 1394 1399 1449 343
S2 158.0 1514 1441 1424 149.0 0.68
S3 156.6 1715 1521 1599 160.0  6.68
S4 1477 155.8 1452 1474 149.0 0.65

Average spring rate and percent error are also reported. The desired spring
rate was 150 Nm/rad for all four designs.

hysteresis during the loading and unloading process. Atdesigned
deflection (see Fig. 7) the percent energy loss is approximately
5% for the first three springs, but higher for the fourth (S1:
3.77%, S2: 5.36%, S3: 4.82%, and S4: 13.01%). However,
at smaller deflections of 0.16 radians, those percentages are
significantly lower (S1: 2.30%, S2: 2.40%, S3: 0.84%, and S4:
2.09%).

V. DISCUSSION
A. Contributions

In this article, we introduced a novel two-part spring architec-
ture, along with an open-source design tool that enables rapid
customization and implementation of the spring. In addition, we
presented an empirical validation of four representative springs
to demonstrate the correspondence between our mechanical
model and the physical realizations. The intent of our spring
design was to fit within the volume of common transmission
components used in the open-source Leg [27] and other robotic
systems, thus, enabling series elasticity of the joints without
increasing their size. This design objective led to a two-part
spring architecture comprised of a ring of radially-spaced can-
tilever flexures in contact with an involute camshaft that lies in
the center of the ring.

We made several intentional decisions in the design process
to maximize energy storage and density of the spring. First, the
two-part design allows relative motion between the camshaft
and the spring, which removes the constraint of a continuous
strain rate as a function of spring radius. Second, a tapered
profile induces equivalent stress along the full length of the
flexures, thus eliminating unnecessary mass. Third, serpentine
flexures allow greater deflection and length—and thus energy
storage—when compared with straight flexures of the same
spring radius. To our knowledge, these innovations result in a
new class of torsion springs with the highest specific energy and
energy density to date"-? (see Fig. 8).

!Traditional, wire-type torsion springs (e.g., clothespin springs) have specific
energy and energy density of around 40é and 0.15 # , respectively, but we did
not include them in the comparison because they are typically unidirectional and
we were unable to find reliable data in the stiffness regimes that are common in
robotic systems.

2For reference, linear/prismatic diesprings can have specific energy over
200 é and energy density greater than 0.3 C# but the additional fixturing
elements required to convert linear motion to rotary motion drastically decrease
these values [13].
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Fig. 8. Performance of cantilever-beam rotary springs (gray region) by
energy storage per unit mass and per unit volume in the context of the
current literature. It should be noted that the mass and volume of the S3
and S4 springs were estimated for an outer rim thickness comparable
with that of S1 and S2 rather than using the unnecessarily large rim than
was dictated by our testing apparatus.

We achieved high agreement between our mechanical model
and our empirical results. The mechanical model of the spring
mechanics involved several simplifying assumptions, including
the forces being perpendicular to the nominal flexure, ideal bend-
ing along the flexure, and small angles of deflection. The low
error between the empirically-determined and desired stiffness
coefficients (1-6%) indicates these assumptions had minimal
effect in the torsion spring mechanics. Furthermore, the springs
achieved their respective desired deflections and the observed
backlash was minimal despite the two-part design [see Fig. 7(a)
and (b)]. We also accounted for fatigue life by appropriately
modifying the design stress, according to an estimated S-N
curve [33]. All four springs were designed to last over 100 000
loading cycles.

To facilitate the implementation of springs within mechanical
and robotic systems, we developed an open-source design tool

2381

that outputs custom spring designs—according to the user’s
inputs—in a matter of minutes [30]. The tool couples an op-
timization routine with our mechanical model to automatically
design a spring and camshaft that satisfy the design require-
ments. The spring geometry can then be exported for direct
implementation in solid modeling software for design. Future
researchers that wish to include our springs in their designs can
now do so without the overhead of mathematical derivations
or iterative FEA. While our empirical validation was limited to
springs with stiffnesses in the neighborhood of 150 Nm/rad, we
have used the design tool to gain insight about viable stiffness
ranges for this architecture. On the low end, springs with stiffness
values of 30 Nm/rad appear to be practical, but below that value
the geometry becomes less compact and machining tolerances
have an increasing effect on spring properties. On the upper end,
the range of achievable stiffnesses is constrained by three factors:
material selection, housing diameter, and spring thickness. If
the spring application is unconstrained, arbitrarily high stiffness
values could be achieved.

B. Broader Applicability

This spring design is highly customizable and easily imple-
mented, making it suitable for a broad range of applications.
Immediate areas of impact will likely include series and parallel
elastic actuators, and other mechanisms in which torsional com-
pliance is desirable. The unique combination of compactness
and high-energy storage make this spring particularly useful in
systems that prioritize low mass and volume (e.g., wearable
robotic systems, including exoskeletons and prostheses), but
it is also relevant in serial-link manipulators, humanoids, and
other mobile robots where mass and volume are design-driving
factors. As an example of the potential impact of our approach,
we compared our spring architecture with five existing spring
designs used in powered mobile robots (see Fig. 9). We used our
open-source tool to design springs that matched the stiffness
and deflection requirements of the springs in a lower limb
rehabilitation exoskeleton [16], an upper limb rehabilitation
exoskeleton [15], a lower limb robotic orthosis [5], a planar
bipedal robot [4], and the humanoid Robonaut 2 [37]. In every
case, the output of our design tool resulted in a spring that was
both lighter and more compact than the original spring (see
Table III). For each spring used in this comparison, we searched
for information regarding the fatigue life of the original design
to match the number of cycles in our comparison; however, we
were only able to find the relevant details for one spring [5] and in
this case we matched their prescribed number of roughly 42 000
cycles. Notably, the process of designing these spring examples
with our open-source design tool required less than 10 min from
knowing the design requirements to completing the solid model
design.

Further modifications to the spring design could increase
applicability. For example, implementing series connections of
springs would yield even greater deflections [20], or capital-
izing on the underconstrained interface between the cam and
the spring could result in a sliding clutch or variable stiffness
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IMPLEMENTATION OF OUR SPRING DETspl‘(?rLJ'EI'(IJICIm WITH VARIOUS TYPES OF ROBOTS

Application Ref. Spring Sll;;ltlel:g 2:1;) I\ZIga)ss (51)1]31) rfll:ll;l; IT‘%Sovement

(Nm/rad) Mass Vol.
Cehbow U9 Newbun 0P 0B g G g 12 @
o U9 Nevben 0 032 0 g g 140
robotic orthotis 19 New peign 20 020 5o S0 K5 9
M bor W Newbein 10022 ge G g s
TRobot 7 Newpedg M 007 55 W 5 B e

For each of the listed applications, we used the open-source design tool to design a spring that matched the stiffness and deflection
specifications of the robot, and compared the size and mass of our design to that of the original spring. Springs are displayed

according to the scale shown at the bottom right.
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Fig. 9. Effect of our novel spring architecture on wearable robots.
In each row, the application is shown, followed by the original spring
for that design and a spring designed by our open-source design tool
with equivalent performance specifications. All springs are represented
according to the scale at the bottom right. (a) LOPES Il exoskeleton [36]
uses SEA [16]. (b) Limpact upper-limb rehabilitation exoskeleton uses a
spring as part of a rotational hydroelastic actuator [15]. (c) Lower limb
robotic orthosis [5] uses SEAs at the joints. (d) Planar bipedal robot [4]
uses rubber Neidhart springs. (e) Robonaut 2 humanoid [37] employs
series elastic arms.

mechanism. In addition, the bending beam paradigm could be
directly applied to prismatic springs, which could be useful
as a high-efficiency alternative to springs in series with linear
actuators, or in mechanisms, such as suspension systems.

C. Limitations

Our design framework produces compact springs that match
user specifications, but future work could improve or further
validate the approach. First, the sources of hysteresis could be
investigated in depth. It is likely that the hysteresis is due in
large part to the sliding contact between the camshaft and the
spring; however, the friction could be significantly reduced by
lubricating the contact surfaces or improving their surface finish.
Interestingly, the fourth test spring (S4) had much larger energy
loss due to hysteresis than the other three springs (13% compared
with ~5%). This behavior is clearly displayed by the measured
torque-deflection curve for S4, where the collinearity of the load-
ing paths confirms that the difference is due to hysteretic loss,
and not a confounding factor, such as backlash [see Fig. 7(b)].
The major differences in the design of this spring include a
larger number of flexures (30% increase), a smaller contact
radius (15% decrease), and a smaller flexure-tip diameter (33%
decrease). Thus, one plausible explanation for the difference in
hysteresis could stem from the increased friction due to a larger
number of contact surfaces.

Second, the slope of the measured torque-deflection curves is
not perfectly constant, and it generally increases as the springs
approach their deflection limits [see Fig. 7(a)]. While the spring
rate is likely sufficiently linear for the majority of spring appli-
cations, there are certain situations in which high precision may
be needed. For such situations, the linearity could potentially be
improved by modifying the shape of the flexure tip and/or the
camshaft.

VI. CONCLUSION

In this article, we presented a novel spring design character-
ized by a ring of radially-extending tapered cantilever beams
in contact with a gear-like camshaft. This new paradigm yields
the most energy-efficient rotary springs to date. In addition, we
introduced a design tool that will facilitate rapid adoption and
customization of this technology. We also tested four representa-
tive springs on a custom testbed to demonstrate the high fidelity
of our design framework. This work increases the potential for
incorporating springs into compact mechanical systems.
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