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A Compact, Two-Part Torsion Spring Architecture
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Abstract— Springs are essential mechanical elements that
are used across a wide variety of industries and mechanisms.
Common across many spring types and applications is the
importance of compactness, low mass and customizability.
In this paper, we present a novel rotary spring design that
is lightweight, compact and customizable. In addition, we
empirically validate the design by experimentally quantifying
the performance of two test springs on a custom dynamometry
testbed. Our two-part spring geometry is comprised of a
central rotating gear-like cam shaft, and a disk that includes
a circular array of radially-spaced tapered cantilevered beams.
The two springs that we designed and tested matched desired
performance specifications within 3-6 %, confirming the efficacy
of this unique design approach.

I. INTRODUCTION

Springs are among the most ubiquitous and important
mechanical elements used in robotic systems. A key func-
tionality enabled by springs is the ability to sense the force or
torque applied by an actuator. This functionality is exploited
when elastic elements are applied between the output of
the transmission and the load, a configuration known as a
Series-Elastic Actuator (SEA) [1]. SEAs gained popularity
due to their improved force/torque fidelity, energy storage,
and shock tolerance. Their compliant nature has been used
extensively in human-centric applications [2]-[5], where a
low-impedance interaction at the robot interface is often
desirable. Despite drawbacks of SEAs—namely a reduction
in force bandwidth and increased mass and complexity—
they have driven substantial development of rotary spring
designs. Increasing energy storage per unit mass (specific
energy) and volume (energy density) has been a key focus
of these innovations.

The geometry of different springs is one of the most
important aspects of their design. In wearable or legged
robots, torsion springs are often more advantageous due
to the inherent rotary nature of their architectures. Elastic
elements like simple torsion springs, including tubes [6],
[7] and cantilevers with cam-rollers [8] or hinges [9] are
often impractical due to their size and/or mass. Consequently,
researchers have focused on planar, disk-like designs that
consist of a central anchor point connected to a rigid outer
rim via a set of flexible elements, known as flexures. Relative
motion between the anchor point and rim loads the flexures
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and spring-like behavior is achieved. The most prominent
planar torsion spring geometry is comprised of spiral flexure
arms that extend from the central anchor to the rim [10]-
[15]. These springs have enabled many advancements, can
achieve high energy density, and have seen many promising
uses in robotic systems [16]-[19]. However, by constraining
the spiral arms on both ends of the flexure, these springs
constrain the strain rate, requiring that the slope of the
strain as a function of radius be continuous. Ultimately,
this constraint limits the potential deflection. In addition,
spiral designs can cause significant directional differences
in stiffness profile [15]. A variety of unique flexure designs
have been explored with the principal objective of high
torque-sensing resolution [20]-[26], but these approaches
have generally further reduced the allowable range of motion
and maximum torque. Thus, there remains a gap in the de-
velopment of compact torsion springs with larger deflections
and symmetric stiffness profiles.

A second key design attribute is the spring’s loading condi-
tion during use, as it greatly impacts both the spring’s energy
density and specific energy. Specifically, certain loading con-
ditions impose strict limits on the amount of energy that can
be stored within a material. For example, pure tension loads
all elements of a beam equally, resulting in maximal energy
storage per mass; however, pure torsion of a solid rod loads
the outer edge of the material optimally, but induces little to
no strain at the center, resulting in comparatively low energy
storage. While monolith-style spring designs have proven
effective in several performance measures, they are limited
in energy storage by the inefficiency of bending elements
that are fully fixed at both ends. Balancing favorable loading
conditions and simplicity of spring assembly, Herodotou et
al. conceived a spring design defined using a spiral flexure
that is fixed at one end and hinged at the other [27].
The physical spring closely matched modeled behavior, but
the analysis showed only springs with high stiffness (1950
Nm/rad) and did not yet indicate scalability to lower stiffness
regimes. In this paper, we introduce the design framework
for a torsion spring architecture and we empirically validate
the framework with two representative spring designs. Our
spring architecture is motivated by the need to create low
stiffness torsion springs in compact designs, and combines
convenient geometry with an efficient loading condition to
yield high specific energy and energy density. The springs
introduced in this work were inspired by Ref. [29], and
are included within the design of our open-source robotic
leg prosthesis [28]. Notably, they were incorporated within
the volume of existing components, enabling the function of
series-elasticity without increasing size.
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Fig. 1. Rotary spring design based on bending cantilever flexures. a)
the original design consists of straight flexures with a tapered profile. b)
the flexures mate with a gear-like camshaft, which loads the spring when
rotated. ¢) a planar view of the spring with straight flexures. d) serpentine
flexures can be used to increase the energy density of the spring. e) the
spring neatly mates with transmission components—in this case, a timing
belt pulley in the Open-Source Leg [28].

II. SPRING DESIGN

In this section we introduce our design approach and
provide the equations that govern the spring mechanics and
geometry. Our intent is to clarify our modeling decisions
made within this framework and to give other researchers a
detailed understanding needed to modify our approach for
their own custom applications.

Our spring design comprises a gear-like camshaft that
interfaces with a ring of radially-spaced cantilevered flexures
(Fig. 1). The flexures are joined on the outer edge by a shared
ring, which can be constrained inside a housing part using
dowel rods (Fig. 1e). When the camshaft rotates, a force is
applied at each flexure tip, causing the flexure to deflect like
a cantilever beam as the flexure tip slides along the cam tooth
(Fig. 2a). The camshaft is specifically designed to ensure that
the flexures do not skip teeth within the allowable range of
motion and to result in a force that is perpendicular to the

Outer ring

Flexure tooth (unloaded)
Flexure tooth (loaded)
Tooth tip

Tooth root

Camshaft

Surface A,

*~Surface B
L

>

Fig. 2. a) Straight-flexured spring with labeled features. b) Schematic of
beam coordinate frames and loading condition for a serpentine flexure, with
surfaces A and B being the bending surfaces. The stated conventions also
apply to straight flexures.

nominal straight flexure. This sliding perpendicular force is
key to the cam-flexure interface, as it approximates a pure
bending moment and thus ideal bending of the flexure, which
is the most energy-efficient loading condition for bending
beams. Thus, a key difference in our approach is to design
the torsion spring in two parts that can rotate relative to one
another; this design eliminates the constraint on the strain
rate of the flexures (that is, the slope of the strain as a
function of radius can be discontinuous).

A. Straight Tapered Flexures

By utilizing tapered flexures, the design achieves max-
imum specific energy. The tapering law [5] that governs
the flexure geometry enforces equivalent stress along both
bending surfaces (Fig. 2b) when the spring is loaded, which
allows a significant removal of mass from the uniform
(i.e. non-tapered) beam. The mathematical expression of the
tapering law governs the flexure thickness (\) as a function
of distance (x) along the flexure (Fig. 2b) and is derived
from basic mechanics [30]. For a generic bending beam, we
know that o = MTA with ¢ as axial stress, M as applied
moment (F'(L — ) in this case), A as the distance from the
neutral axis to the bending surfaces (see Fig. 2b), and I as
the second moment of area. Considering our planar spring
design, I = %, with ¢ as spring thickness (see Fig. 2b).
To achieve maximum stress along the beam during maximum
loads, we choose A at each x such that o = o4, where oy is

the design stress:
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This law fully defines the flexure geometry and can be
used to determine a relationship between spring rate and
bending strain energy. Equating bending strain energy and
desired energy storage of the spring then allows us to predict
deflection properties of the spring. This analysis is simplified
by three assumptions: first, as mentioned previously, we
assume that the camshaft imposes perpendicular forces on the
tips of the flexures. Second, the perpendicular force imposes
a pure bending moment on the flexure and thus ideal bending
occurs at each cross-section of the spring. Lastly, we assume
that the spring deflects at only small angles.

With these assumptions in place, we can calculate strain
energy as a function of spring parameters. For a generic beam
in bending, strain energy (U) is defined by U = ==, with M
as before and 0 as deﬂectlon angle. Furthermore 9 = kL,
where (curvature) xk = . Thus, U = M’L  The strain

2ET
energy of a non-uniform beam can then be written in integral
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which can be rewritten in closed form as
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Since force (F') is a function of stiffness (k), deflection
(B4es), the number of flexures (n) and the flexure-camshaft
contact radius (r), we appropriately substitute these terms,

- thjedesLSUZ
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Knowing the desired energy storage of a spring and the
number of flexures (n) being used, we can also calculate
the desired energy storage for a single flexure:

1 2
€ = 5 k0. )

Therefore, we can equate the two expressions for energy
stored in a flexure (see (7) and (8)) and observe the coupling
of all spring design variables,

3/ 8tnL303
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Consequently, although the tapering law yields mass-
efficient flexures, the design inputs—stiffness (k), geometry

(r, L,n,t) and material (E, o4)—directly limit the possible
deflection of the spring (9). In addition, the energy density
of the spring is limited due to required air-gaps between
flexures that help avoid collision and provide space for the
gear-like camshaft.

B. Serpentine Tapered Flexures

By adding curvature along the length of the flexure, we
are able to increase the effective cantilever length which
allows greater deflection for the same spring radius and
thus improves energy density. Retaining the tapered pro-
file maintains but does not significantly increase maximum
specific energy with respect to the straight flexure design.
The additional design freedom is achieved by relaxing con-
straints on the flexure centerline and thus allowing serpentine
flexures that still follow the tapering law. These serpentine
flexures are effectively longer than their straight flexure
counterparts—and thus have more energy storage capacity—
but fit within the same outer diameter.

To define serpentine flexures we modify our expression
for strain energy (5) by substituting our definition of A from
above (2),

102 L
U=-—"S12[ Xd 10
6 E ( ; z), (10
which generalizes to
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= ——2tA. 11
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Therefore, energy storage is a function of the planar area
(A) of a given flexure, and increasing flexure area directly
increases energy storage. With this refactored representation
of strain energy, we can again equate the two expressions
for energy storage within a flexure (see (8) and (11)). In this
case, we can solve for the planar area (Age,p) of a flexure
that achieves our desired stiffness and peak deflection,
3k62
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Using the required planar area (Agep) and the tapered
profile, we are able to define a serpentine flexure that satisfies
the desired spring specifications. With this formulation, the
spring stiffness and deflection are decoupled, giving the
designer increased flexibility in addition to increased energy
density. To classify springs with serpentine flexures, we
introduce two design indices.

« Serpentine factor (f;): The serpentine factor describes
the sinuosity of a given flexure and is calculated as f; =
M, with A,om being the planar area of the nominal
stljrleulli?ght flexure (Fig. 3a). If f, = 1, the desired spring
will have straight flexures. If f; > 1 flexures must be
serpentine in order to achieve desired performance. If
fs < 1, the flexure is undefined, and the spring diameter
should be reduced.

o Density factor (f;): A density factor describes the
compactness of the flexures within the spring and is

calculated as fy = :“;p", with n being the number

annulus
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Fig. 3. Serpentine flexures are described by two design indices. a) the
serpentine factor represents the sinuosity of the flexure and is calculated as
serpentine area divided by the nominal straight flexure area. b) the density
factor indicates the compactness of the flexures within the spring, dividing
the combined area of all flexures by the total occupiable area.

of flexures in the spring and A,,nuus being the annu-
lar (donut-shaped) area in which the flexure teeth lie
(Fig. 3b). At the extremes, if f; = 1, the spring is a
solid disk (all flexures are touching) and if f; = 0, the
spring has no flexure teeth.
To summarize our approach, designing springs with ser-
pentine flexures and a tapered profile yields high energy
storage per unit mass and volume.

III. HARDWARE VALIDATION OF SPRING DESIGN
FRAMEWORK

To demonstrate the efficacy of our design framework,
we designed, manufactured, and empirically evaluated two
springs with identical desired stiffness properties, but dif-
fering geometries (see Fig. 1). One spring was designed
with straight flexures, while the other was designed with
serpentine flexures. (Table I). All other geometric constraints
and material properties were equivalent, with the material
selection being hardened SS420, a target spring rate of
150 Nm/rad, 24 flexures, a 4.5 mm spring thickness, and
identical outer radii (33.5 mm). The intentional difference
in serpentine factor was selected to demonstrate the range
of motion (and thus energy storage) benefit of designing
serpentine flexures.

TABLE 1
DESIGN PARAMETERS AND EXPECTED PROPERTIES OF BOTH TESTED
SPRINGS.
Spring Spring Desnrefd Mass  Serp. Density
Design Rate Deflection (g) Factor  Factor
8" (Nm/rad)  (rad) g
Straight 150 0.241 57.3 1.00 0.39
Serpentine 150 0.262 71.0 1.14 0.47

A. Serpentine Spring Design

The practical implementation of designing serpentine flex-
ures is nontrivial. Specifically, the analysis performed in
Section II provides only two constraints on the serpentine
geometry (planar flexure area and the taper), thus leaving the
high-dimensional design problem unconstrained. To narrow
the design space for these flexures, we intentionally designed
springs that (1) originate and terminate along the same
axis, (2) distribute area evenly across that axis (Fig. 2), (3)
avoid sharp bends, and (4) do not intersect with neighboring

flexures. Even with these additional design considerations,
there exist several viable spring geometries; thus, for the
physical serpentine test spring, we selected one of many
satisfactory flexure designs.

B. Methods

We developed our experimental protocol to accurately
characterize the test springs and thus validate the design
approach. The benchtop testbed (Fig. 4) loaded each spring
using two opposing actuators, while simultaneously measur-
ing spring deflection and applied torque. Dowel rods were
used to hold the springs inside a custom spring carriage
and oppose the applied torques. We measured torque with a
contactless sensor (TRS605, Futek, Irvine CA) in series with
the spring assembly, and the sensor output an analog voltage
that was sampled by a 16-bit analog-to-digital converter at
265 Hz. Rotation was induced by identical brushless DC
actuators (ActPack, Dephy Inc, Maynard MA), each coupled
to a transmission (50:1 PL2090-050, Boston Gear, Boston
MA), and the motors were driven in position control using a
microprocessor (RPi 3 Model B+, Raspberry Pi Foundation,
Cambridge UK). Although both motors include encoders, we
elected to measure spring deflection directly to ensure that
the data described spring compliance and not the compliance
of the entire dynamometry system.

To measure spring deflection without the deflection of
the transmission or testbed parts, we implemented a custom
optical encoder and image processing algorithm to measure
deflection of the spring only. The optical encoder consisted of
two arrays of optical fiducials: one rigidly mounted to shaft
with the other mounted to the spring carriage (Fig. 4). By
tracking these fiducials (RPi Camera Module 2, Raspberry
Pi Foundation, Cambridge UK) we recorded deflection at
the spring interface, and the video was processed off-line
to measure relative rotation (Fig. 5). Custom filter masks

rry Pi
Camera

Fig. 4. Custom dynamometry testbed used to evaluate spring performance.
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Fig. 5. By tracking optical fiducials with a camera, we were able to measure
true deflection of the springs. a) raw image from camera, b) processed
version of the image with masks applied and fiducials being tracked.

focused the image processing on the two arcs containing
fiducials. After masking, we used OpenCV [31] to track the
fiducials in the plane of the image (Fig. 5b). We calculated
incremental displacement of the spring-side and camshaft-
side fiducials using best-fit ellipses obtained through cali-
bration. To obtain the displacement of the spring, we simply
subtracted spring-side angle from the shaft-side angle. As
validation of the measurement, deflection of the optical
fiducials closely tracked the motor encoders during unloaded
motion of the testbed (y = 0.9998x — 0.0709 deg).

In testing the springs, we thoroughly traversed their
respective expected operating deflection ranges. For each
spring, we prescribed several setpoint deflection angles: two
degrees, six degrees, ten degrees and then one-degree steps
until well past the designed deflection limit. The setpoints
were commanded in increasing magnitude to ensure that
any yield or catastrophic failure would be preceded by valid
measures of spring torque and deflection. As the setpoint
magnitude increased, we decreased the step change to 1
degree for the same purpose of logging data before failure.
For each setpoint, we started a test with the spring at zero
deflection, ramped up to the positive value, ramped back to
zero, ramped to the negative value, and then ramped back to
zero, with each ramp lasting five seconds. During each test,
we measured torque in the shaft with the contactless sensor
and recorded high-definition video of the optical fiducials
to enable accurate off-line deflection measurements. With
torque and deflection measurements from the testing, we
determined the torque-angle relationship of each spring.

C. Results

The measured spring behavior closely matched the desired
performance. Notably, both springs achieved their designed
deflection limits without signs of failure (Fig. 6). Further-
more, the measured spring rates closely matched the target
values (Table II). As expected, the testing also measured
the energy loss due to hysteresis during the loading and
unloading process. At designed deflection (as depicted) the

TABLE I
SPRING PROPERTIES IN POSITIVE AND NEGATIVE TORQUE REGIMES.

Spring Stiffness Coefficient (Nm/rad)

Spring . . Error
. Loading Unloading
Design Des. Pos. Neg. Pos. Neg. Avg. (%)
Straight 150  159.6 161.8 1503 1520 1559 39
Serpentine 150 1654  165.1 1553 151.5 1593 6.2

percent energy loss is approximately 10 percent (Straight:
9.72%, Serpentine: 12.0%); however, at smaller deflections
of nine degrees, those percentages are dramatically lower
(Straight: 0.41%, Serpentine: 1.08%).

The measured energy density and specific energy of the
springs are promising when compared to the literature, and
align with our predictions. Energy storage was calculated
using the designed deflection and the measured average
stiffness coefficient for each spring (Table II), resulting in
4.53 J and 5.47 J for the straight and serpentine springs,
respectively. Dividing by mass and enclosed volume yields
79.0 J/kg and 0.285 J/cm? for the straight spring and
77.0 J/kg and 0.345 J/cm? for the serpentine spring. Thus,
when compared to the straight spring, the serpentine spring
achieves significantly higher energy density and maximum
deflection while maintaining similar specific energy.

a) = = = *Target Spring Rate
Straight
Serpentine

-50 : : : : : :
-0.3 -0.2 -0.1 0 0.1 0.2 0.3
Deflection (rad)
10
b) = = = *Target Spring Rate
Straight
5 Serpentine

-5
-10 : '
-0.05 0 0.05
Deflection (rad)
Fig. 6. a) Measured stiffness profiles of both springs over their respective

operable range. For reference, the target spring rate of 150 Nm/rad is also
displayed. b) Magnified view around zero torque and deflection, which can
be used to understand the backlash observed in the spring prototypes.
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IV. DISCUSSION
A. Contributions

Elastic elements are a critical aspect of many robotic
systems, especially those that operate in close proximity
with humans. In this paper, we presented the design and
preliminary validation of a novel spring geometry. The
motivation of our exploration was to design a sufficiently
compact and lightweight spring to enable integration in a
robotic prosthesis with no additional required volume [28].
Our design framework radically deviates from conventional
designs, comprising a circular array of tapered cantilever
flexures in contact with a gear-like camshaft (Fig. 1).

This new spring architecture enables the addition of series
elasticity to robotic systems without any added volume. As
explained previously, with intentional design, the compact
spring can be housed within common transmission com-
ponents, such as within the output pulley of a timing belt
transmission used in [28]. The spring also outperforms the
current literature with respect to specific energy [10]-[14],
[20], [22], [23], [27], [32], meaning that it adds a small
amount of mass considering the magnitude of energy that can
be stored. Coupled together in one design, these attributes
enable the use of SEAs in robots that are constrained by
size or mass. The unique combination of low stiffness and
larger deflections possible in our spring architecture makes it
particularly desirable in SEA applications, as it may enable
improved torque-sensing resolution.

Our preliminary validation demonstrates the accuracy of
our modeling and design. The desired stiffness of the de-
signed springs was 150 Nm/rad, and the measured error was
4.6% (Tab. II). We made a number of assumptions in our
design framework and the relative accuracy of our approach
demonstrates the assumptions were appropriate. The agree-
ment between our model and empirical results highlights
the ability for future researchers to use our approach to
develop compact springs with high confidence in the physical
design. Furthermore, the closed form solutions provided
in our approach do not have the barriers of complicated
derivations or iterative design methods using finite-element
analysis.

While our spring architecture consists of two separate
parts, minimal backlash was observed. This is in contrast
to previous versions of our springs where backlash was a
concern. Backlash was mitigated by two strategies, namely
adding a circular head to the flexure tooth tips that improved
the mechanical interface with the gear-like cam shaft; in
addition, we updated the material chosen for the spring from
7075-T6 aluminum to SS420 steel. When tested, the backlash
was minimal, which can be observed directly in Fig. 6b
(<~ 5 mrad).

Lastly, our approach lays a foundation to explore several
additional design variables within our spring architecture.
For example, a formalized camshaft geometry would likely
improve the correlation between the model and empirical
results. Likewise, optimizing other design variables (see (9))
could yield significant increases in allowable deflections, and

thus energy density.

B. Limitations

Our design framework produced accurate mechanics in
a compact design, but more work is needed to reach the
potential of this spring architecture. First, the hysteresis
observed in the springs is moderate (~10%). We expect that
the loss is primarily due to the sliding contact between the
flexures and the teeth of the camshaft, which would indicate
that some hysteresis may be an unavoidable limitation of this
approach; however, this study did not include any attempts to
confirm the source of hysteresis or lessen its effects. Possible
mitigation strategies could include lubrication of the faces in
contact or improving their surface finish.

Since springs are typically expected to endure many cycles
of loading, accounting for fatigue is an important design
consideration. For the springs tested in this study, fatigue was
not considered, nor were cyclical loading tests performed
to measure fatigue empirically. In future work, we will
update the design framework to include the desired cycles
to failure by adjusting the design stress specification within
the framework.

C. Broader Applicability

This spring design is promising and highly customizable,
so possible applications are broad. The most significant area
of impact would likely be in mobile robots that utilize SEAs,
parallel elastic mechanisms, or other uses where compliance
is beneficial; for example, humanoid robots, legged robots,
serial-link manipulators, prosthetic limbs, and exoskeletons,
among others. Alternatively, there are many modifications
or further developments that could be pursued to make this
design more broadly applicable. For example, the bending
beam paradigm could be transformed to yield 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. Another possibility is to imple-
ment series interconnections of the spring, enabling larger
deflection limits [20]. Lastly, the under-constrained interface
between the camshaft and the spring could be exploited to
create a sliding clutch or variable spring-rate mechanism (e.g.
stiffening springs).

V. CONCLUSION

In this paper, we presented a novel spring design character-
ized by a ring of radially-extending tapered cantilever beams
in contact with a gear-like camshaft. To our knowledge, this
new approach yields the most energy-efficient springs to
date. We tested the mechanics of two representative springs
on a custom testbed to investigate the fidelity of our design
framework. We believe this work increases the potential for
incorporating series and parallel springs into lightweight and
compact mechanisms.
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