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a b s t r a c t 

Mechanisms that consist of many elements and are potentially small sized, benefit from kinematic elementary 

units like revolute joints that are compliant and monolithic, and therefore could be produced without need for 

assembly. We present a novel concept of a compliant revolute joint that features low axis drift, high support 

stiffness and a large range of motion. The concept is based on a helicoidal shell of which a portion reverses its 

twist direction upon application of a rotation. The reversed region increases gradually, resulting in a constant 

reaction moment. Analytical, numerical, and experimental analyses are presented to reveal and quantify the 

constant-moment behaviour. Prototypes of the concept are employed in exemplary linkages to demonstrate the 

ability to create a large variety of neutrally stable compliant linkages, which require extremely low actuation 

forces and exhibit large ranges of motion. 

1

 

a  

m  

t  

a  

a  

c  

b  

m  

c  

b  

t  

m  

s  

f  

a  

g  

r

 

k  

T  

n  

m  

t  

a  

t  

p  

t  

f  

d  

e  

a  

m

 

n  

m  

n  

n  

M  

a  

 

s  

c  

l  

d  

n  

w  

c  

e  

c  

t  

a  

h

R

A

0

. Introduction 

With the desire to create mechanical devices that are ever smaller

nd cheaper, engineers have been working on so-called compliant

echanisms for the past couple of decades [1] . Mechanisms of this

ype, namely, gain their mobility from the flexibility of their segments

nd have the potential to be manufactured as monolithic wholes, and

re thus potentially suitable for miniaturization. The fundamentals of

ompliant mechanism design are being applied to adjoining research

ranches like metamaterials (a.k.a. architected materials) [2,3] , origami

echanisms [4,5] , soft-robotics [6,7] , and Micro Electronic Mechani-

al Systems (MEMS) [8,9] . In many cases, compliant mechanisms have

een designed as wholes, for specific functionalities. A commonly used

echnique for this purpose is, e.g., topology optimization [10–12] . In

any other cases, however, research has been directed towards de-

igning units with specific yet generally applicable behaviour, use-

ul for integration into modular designs. Examples are constant force

nd moment generators [13,14] , bi-stable units [15–18] , linear motion

uides [19,20] , and, probably the most applicable in modular designs,

evolute joints [21] . 

Revolute joints are the quintessential element of mechanisms with a

inematic goal, i.e. to realise a certain motion and constrain all others.

herefore, a significant part of the investigations on compliant mecha-

isms has been directed towards realising revolute joints [21–25] that

imic as much as possible the behaviour of classical joints, and that

ake advantage of the typical strengths of compliant mechanism: the

bsence of friction, play, wear, needed assembly and needed lubrica-
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020-7403/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access a
ion [26] . The availability of such units would make it possible to ap-

ly the well-established paradigms in classical mechanism design to

he design of compliant mechanisms. This becomes especially relevant

or designs consisting of many elements, like (robotic)metamaterials,

eployable structures, and reconfigurable mechanism, who can be

specially jeopardized by compliance in the constrained directions

nd stiffness in the motion direction, intrinsic to most compliant

echanisms. 

Mimicking the ideal kinematic behaviour with compliant mecha-

isms involves multiple challenges. Trease et al. [23] suggested five

ain criteria to evaluate the performance of compliant revolute joints,

amely the range of motion, axis drift, ratio of off-axis stiffness to stiff-

ess about the axis of rotation, stress concentrations, and compactness.

any designs of compliant joints have been focussing on minimizing the

xis drift, and maximizing the support stiffness and the range of motion.

The well-established concept of the notch-type joints was first de-

cribed by Paros [27] , then further optimized by Linß [28,29] . This

lass of joints is often favoured in precision applications, where very

imited ranges of motion suffice. Also the cross-spring pivot has been

escribed, modelled, applied and optimized extensively for a long time

ow [30–36] . This concept significantly increases the range of motion

ith respect to the notch-type joints, not being as critical for stress

oncentrations. However, the range of motion is still bounded by the

ventual self-intersection of the two extremes of the joint. Moreover,

ross-spring pivots generally suffer from axis drift. On a similar note,

he butterfly joint [37] , the infinity joint [22] , and similar joints that

re essentially based on planar bending deformation, are successfully
21 
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mproved in terms of support stiffness and axis drift, but are limited in

he range of motion by self-intersection. 

On the other hand there are concepts that are based on an internal

haft and an external rim connected by multiple radially arranged flex-

ral members [38,39] . Variations to this concept have been proposed

ith so-called contact-aided flexures [40] , which improve the support

tiffness. However, in general, when one of the performance criteria is

ptimized, it goes to the expense of another. A comprehensive overview

f compliant joints that includes also most of the work cited above is

iven by Farhadi [21] . 

It is noticeable from the overview that most concepts are based on

lanar flexures, and, as a consequence, the range of motion is eventually

imited because of self-intersection. The two exceptions are those that

re based on torsion, and thus have an intrinsically spatial character:

he CR joint [23] and the split-tube [41] . These joints are able to reach

n exceptional compromise between torsional compliance, off-axis stiff-

ess, axis drift and range of motion. The concepts consist of torsionally

oaded extrusions of a cruciform cross-section and an open circle, respec-

ively. Due to the open nature of these cross-sections, a relatively low

orsion stiffness is achieved while the bending stiffness is maintained

igh. This distinctive result encourages the investigation into compliant

oints with an inherently spatial working principle. 

Instead of increasing the support stiffness, other authors have fo-

ussed their efforts towards eliminating the rotational stiffness of joints

y applying static balancing techniques, thereby making it a matter of

elative stiffness ratios. Indeed, in a relative sense, a zero rotational stiff-

ess about the axis of rotation makes all other off-axis stiffnesses infinite.

ork on statically balanced compliant mechanisms (SBCM) [42] also

oes by the names of neutrally stable structures or zero-stiffness struc-

ures [43] . The fundamental idea of these approaches is to introduce

nergy trough prestress in a structure and make sure that if a part of the

tructure deforms absorbing elastic energy, another part provides the

ame amount of energy by un-deforming. For this to happen, it is often

onvenient to design compliant parts with certain specifically required

onlinearity. In a broader context, also others have managed to design

oints with integrated spring functionality, e.g. [44] , both linear and

onlinear, by taking advantage of the inherent presence of rotational

tiffness in compliant mechanisms. 

From the work on statically balanced compliant joints, two classes

f planar solutions can be distinguished, equivalent to the distinc-

ion made above for the non-balanced solutions. In the first class, ap-

lied by Morsch [34] , Zhao [45] and Merriam [46] , the concept is

sed where pretensioned flexures on the side of a cross-axis flexural

ivot eliminate its rotational stiffness. The second class of solutions

nvolves the use of radially arranged curved flexures connecting an

uter rim to an inner shaft. The shape of the flexures can be manip-

lated in such a way that the resulting moment-angle characteristic

ecomes constant [14,47–49] . In theory, two constant moment units

an be arranged in opposite sense to obtain a zero-moment behaviour.

n this class of solutions, however, the coaxiality of the rim and the

haft cannot be guaranteed by the compliant members themselves but

as to be imposed by an additional constraint, like a bearing. This

imitation impedes the use of these designs as independent revolute

oints. 

A spatial class of solutions used to obtain zero torsional stiffness is

eveloped by Lachenal [50] in his effort to develop shape-morphing

ircraft wings. The concept is based on an I-beam with two precurved

anges bonded to a straight web. The flanges provide a negative stiffness

omponent that neutralizes the positive stiffness of the whole structure.

nother example of a spatial solution is proposed by Li [51] . The com-

lex spatial deformation of radially arranged strips produces a nonlinear

oment-angle characteristic that under certain circumstances approxi-

ates a constant moment. However, also in this example, an additional

upport must be provided to maintain coaxiality of the input and out-

ut shaft, making them inadequate as independent revolute joints. It

s the combination of torsion-based solutions with stiffness reduction
 g  

2 
echniques that appears to be the most promising strategy for upcoming

evelopments. 

In this paper we present a new compliant rotational joint concept

ased on a helicoid-shaped shell, featuring exceptional kinematic perfor-

ances. Due to its spatial working principle, self-intersection is avoided,

hus yielding very large ranges of motion. Furthermore, it exhibits a high

ff-axis stiffness, and an axis drift that can go as low as zero, depend-

ng on the loading condition. Peculiarly, the presented design exhibits

n inherent constant moment upon an applied rotation. This constant

oment can be neutralized by an equal, opposing constant moment, re-

ulting in a neutrally stable joint, i.e. one where the elastic forces do

ot counteract the intended motion. It is also shown that the constant-

oment joint can potentially be used to render any linkage neutrally

table, tremendously benefiting their efficiency. The concept can easily

e extended to include other type of intentional spring behaviour, such

s multi-stability and other non-linearities. 

In the following, we first introduce the general concept of a heli-

oidal shape which locally reverses its twist upon an imposed rotation,

ubstantiated by a theoretical model based on inextensible shell theory.

hen we analyse the moment-angle profile of the joints with a variety

f design parameters by using a finite element model as well as by ex-

eriments. Further on, the support stiffness and axis drift are assessed

umerically and experimentally, by introducing a novel dimensionless

inematic measure. To conclude, we show the application of the devel-

ped joints in a number of classical linkage mechanisms, demonstrating

he ability to generate neutrally stable mechanisms with both open and

losed kinematic chains. 

. Method and results 

In coming subsections, the working principle is first described qual-

tatively and then substantiated with the theoretical developments, nu-

erical analyses and experiments performed on the helicoidal compliant

evolute joint. 

.1. Working principle 

The working principle of the presented compliant revolute joint

 Fig. 1 , see Supplementary Video 1) is based on the reverse twisting of a

elicoidal shell. We consider a shell structure consisting of at least three

ne-sided right helicoidal shells joined along their common edge in the

iddle. Following the assumptions of inextensible shells, which require

he preservation of Gaussian curvature upon deformation of a thin shell,

e observed that a full reversion of the twist direction of the helicoids

esults in a shape with unchanged Gaussian curvature. Thus the unde-

ormed helicoid and the helicoid with reversed twist are isometric, i.e.

he lengths on the mid-surface of the shell do not change upon deforma-

ion. It follows that the fully reversed state is energetically convenient

ith respect to other deformations which would require stretching or

ompression of the mid-surface. 

A remarkable behaviour emerges when the reversion of the twist is

pplied gradually. As a relative rotation is applied between the two ends

f the joint, there is a portion of the helicoid that snaps into a reverse-

wist state because of the low deformation energy of that mode, while

he rest of the helicoid remains practically undeformed. Two peculiar

henomena emerge from this state of deformation. The first one is that

he length of the reverse-twist region is proportional to the applied ro-

ation angle. It follows that the elastic energy increases linearly with

he applied rotation angle. By the definition of generalized conserva-

ive forces, the reaction moment corresponding to the applied rotation

s then constant, and the rotational stiffness equals zero. The condition

f constant moment and zero stiffness holds until the whole joint is re-

ersed. The second remarkable phenomenon is that if the rotation angle

s kept constant, the reverse-twist region can be moved up and down the

eometry without affecting its length. That implies that the total stored
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Fig. 1. By imposing a rotation between the two extremities, a helicoidal shell 

joint exhibits a reversal of the twist that is bound within a distinct region. The 

rest of the joint remains practically undeformed. The region of reversed twist 

increases proportionally to the applied angle until the helicoid is fully reversed. 

Assuming that the strain energy is significant only in the reversed region, it can 

be deduced that the strain energy increases proportionally to the applied angle, 

and consequently, the applied moment is constant. See Supplementary Video 1. 
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o  

t  
nergy remains constant and that every position of the reverse-twist re-

ion yields static equilibrium: it is neutrally stable. The reversed-twist

egion can also be moved up and down by rotating it about the middle-

xis, yielding, in essence, a zero-moment rotational joint. It must be

oted that the described behaviours only appear when the angle applied

etween the ends of the joint are in the opposite direction of twist, con-

idering that turning in the same direction of the twist would essentially

erely stretch the helicoids, thus yielding a high torsional stiffness. 

.2. Theory and characterisation 

To derive the equations that relate an applied rotation to the result-

ng reaction moment, at first we consider a helicoidal shell that gets

ully reversed. The mid-surface of a one-sided right helicoidal shell can

e described parametrically in Cartesian coordinates as 

( 𝑢, 𝑣 ) = ( 𝑢 cos ( 𝛼𝑣 ) , 𝑢 sin ( 𝛼𝑣 ) , 𝑣 ) , (1)

here the parameters 𝑢 and 𝑣 are defined within the intervals [0 , 𝑤 ] and

0 , ℎ ] respectively, with 𝑤 and ℎ the width and height of the helicoid,

ee Fig. 3 a, and where 𝛼 is the rate of angle of twist, defined as 

= 

𝑑𝜙

𝑑𝑣 
= 

Φ
ℎ 
, (2)

here 𝜙 is the angle of twist, and Φ is the angle of twist at 𝑣 = ℎ . Simi-

arly, a fully reversed helicoid can be described by eq. (1) , replacing the

ate of angle of twist by its negative value − 𝛼. To twist the undeformed

elicoid into the fully reversed helicoid a relative rotation 𝜃 between

he bottom and top must be applied, equal to 

𝑚𝑎𝑥 = 2Φ. (3)

his is likewise the maximum range of motion of the joint. 

Calladine’s definition of the strain energy of bending per unit area

f a shell [52] is given by 

 𝐵 = 

1 
𝐷 

[
( 𝜅𝑥 + 𝜅𝑦 ) 2 + 2(1 − 𝜈)(− 𝜅𝑥 𝜅𝑦 + 𝜅2 

𝑥𝑦 
) 
]
, (4)
2 

3 
here 𝐷 is the flexural rigidity, 𝜈 is Poisson’s ratio, and 𝜅𝑥 , 𝜅𝑦 , and

𝑥𝑦 are the curvature changes in the perpendicular directions 𝑥 and 𝑦 ,

nd the change in twist curvature, respectively. The flexural rigidity is

efined by 

 = 

𝐸𝑡 3 

12(1 − 𝜈2 ) 
, (5)

ith 𝐸, the Young’s modulus, and 𝑡 , the thickness of the shell. The con-

ition of inextensibility and the compatibility with the constrain that

olds the inner edge on the middle-axis, result in a simplification of

q. (4) that only accounts for energy contribution by the change in twist

urvature, thus yielding 

 𝐵 = 

1 
2 
𝐷 

[
2(1 − 𝜈) 𝜅2 

𝑥𝑦 

]
. (6)

ince the twist curvature changes from undeformed to fully reversed,

he change in twist curvature equals 

𝑥𝑦 = 2 𝛼. (7)

The total strain energy in a fully reversed helicoid is obtained by

ntegrating eq. (6) over the area 𝐴 of the helicoidal shell, as 

 𝑓𝑢𝑙𝑙 = ∫ ∫𝐴 
1 
2 
𝐷 

[
2(1 − 𝜈) 𝜅2 

𝑥𝑦 

]
𝑑𝐴 , (8)

here thee infinitesimal area 𝑑𝐴 is given in parametric form as 

𝐴 ( 𝑢, 𝑣 ) = 

√
𝛼2 𝑢 2 + 1 𝑑𝑢𝑑𝑣. (9)

In a helicoid that is only partially reversed, three types of regions

an be distinguished: a fully reversed region, one or more non-reversed

egions, and transition zones there in-between. In the transition zones

he shell is not able to simultaneously fulfil the inextensibility condi-

ion and the edge constrain. The strain energy in the transition zones

an thus not be derived from eq. (4) . Advantageously, the shape of the

ransition zones are observed to be unchanging during the process of re-

ersing the twist of the helicoid. Therefore, its contribution to the strain

nergy can be considered as an unknown constant term. The influence

f this approximation is assessed by the numerical simulation described

n Section 2.3 . When a relative rotation 𝜃 is applied between the top

nd the bottom of the helicoid, the reversed part increases in length at

he expense of the undeformed region. The relative angle between the

pper and lower edges of the helicoid equals the integral of the rate of

ngle of twist over the height 

− 𝜃 = ∫
ℎ 

0 
𝛼( 𝑣 ) 𝑑𝑣 . (10)

onsidering that the rate angle of twist 𝛼 is constant for both the unre-

ersed and the reversed regions, only opposite in sign, it follows that the

ength of the reversed region increases linearly with the applied angle

. This makes it possible to derive the reaction moment corresponding

o an applied rotation as the derivative of the strain energy with respect

o the applied angle, as a ratio of the strain energy of the fully reversed

elicoid over the maximum applied rotation, thus yielding 

 𝑧 = 

𝑈 𝑓𝑢𝑙𝑙 

𝜃𝑚𝑎𝑥 
𝑁, (11)

here the multiplier 𝑁 is the number of helicoids that constitute the

ntire joint. 

Interestingly, for a given applied angle 𝜃, the integral of eq. (10) can

e satisfied in an infinite number of ways by sliding the region of re-

ersed twist along the height, without affecting the total energy, eq. (8) ,

hich proves that this mode of deformation is neutrally stable. 

.3. Numerical and experimental analysis 

The equations derived in Section 2.2 model the general behaviour

f a helicoidal joint. This model includes the reverse-twisted region of

he helicoid and assumes that only the twist deformation contributes
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Fig. 2. Strain energy density distribution of a helicoidal shell upon advancing 

twist reversal. In the reversed region, the strain energy density is uniform to 

a large extent, and does not change with the applied rotation. At the edges of 

this region, the energy density has a peak. Even these peaks, however, are not 

affected by the applied rotation, except for the locations at which they appear. 

See Supplementary Video 2. 
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Fig. 3. a) The compliant revolute joint is described by the geometric parameters 

of a one-sided right helicoidal shell (the thickness 𝑡 ,the width 𝑤 , the height ℎ , 

and the angle of twist Φ), and the number of helicoids 𝑁 that form the joint. 

b) The finite element model is shown in undeformed (blue) and deformed (red) 

state. The translational degrees of freedom of the nodes at the middle edge are 

all constrained. A clamping constrain is applied on the lower edge, and a rotating 

clamping constrain is applied on the upper edge, where the rotation 𝜃 is applied. 

(For interpretation of the references to colour in this figure legend, the reader 

is referred to the web version of this article.) 

t  

m  

i  

c  

d  

e  

t  

e  

c  

i  

t  

a

2

 

m  
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T  
o the total energy. However, it excludes the transition zones where a

ore complex deformation occurs, including bending and membrane

eformations. The transition zones are formed during an initial snap-

hrough caused by the applied rotation. After that, the transition zones

tabilize and do not constitute a substantial change in the total elastic

nergy of the system. To comprehend the effects taking place in the

ransition zones, an analysis is performed using a finite element model of

 Kirchhoff-Love shell with a linear elastic constitutive law. This model

aptures bending as well as membrane deformations. For the material,

 Young’s modulus of 1.8GPa and a Poisson’s ratio of 0.38 was used,

orresponding to Nylon (PA12) which is used for the prototypes. 

The constraints and loading conditions as implemented in the finite

lement analysis are illustrated in Fig. 3 (b). Fig. 2 shows the elastic en-

rgy density distribution on the deformed shell, matching the applied

otation of Fig. 1 . Fig. 4 shows the progression of the energy density

s a rotation 𝜃 is applied to the joint. In both figures it can be noticed

hat the energy redistributes over an increasing region of the helicoid,

he reversed region, while the magnitude of the energy density stays

pproximately constant. It can also be observed that the energy contri-

ution of the transition zones barely changes as they travel along the

eight of the structure. 

The influence of the geometrical design parameters, namely the

hickness 𝑡 , the width 𝑤 , the rate of angle of twist 𝛼 and the height

 , was analysed. For that purpose the geometry of a standard design is

efined with 𝑡 = 𝑡 0 = 0 . 4 × 10 −3 𝑚 , 𝑤 = 𝑤 0 = 0 . 1 −1 𝑚 , 𝛼 = 𝛼0 = 

𝜋

0 . 1 radm 

−1 ,

nd ℎ = ℎ 0 = 0 . 1 m . The parameters 𝑡 , 𝑤 and 𝛼 are varied in the range

rom half to twice the value of the standard design . In order to obtain a

omparable range of motion for all analysed geometries, the total twist

ngle is kept constant to Φ = 𝜋. It follows that the height parameter ℎ

epends on 𝛼, according to Eq. (2) . The moment corresponding to an

pplied rotation is shown for the mentioned variations in Fig. 5 a-c. The

ashed lines represent the analytical result and the solid lines are ob-

ained from the finite element analysis. 

The moment-rotation response was also determined experimentally

n a torque-test-bench, with prototypes obtained by additive manufac-

uring (HP Multi Jet Fusion), consisting of six helicoids merged at the

entral axis. The material used for all prototypes is Nylon, type PA12.

he experimental results are shown and compared to the analytical

odel in Fig. 5 (d-f). The analyses show agreement on the influence of
4 
he parameters, namely that the thickness has cubic influence on the

oment, while the influence of the width and the rate of angle of twist

s linear. The height of the joint has no influence on the value of the

onstant moment, but increases the range of motion linearly, in accor-

ance with eq. (3) and eq. (2) . The analytical model gives a valid initial

stimate of the constant moment. The numerical simulation also shows

he progression of the moment, especially in the beginning and at the

nd of the range of motion, and also, it shows a slight monotonic in-

rease within the presumed constant moment range. This component

s supposedly related to the regular (Saint-Venant) torsional stiffness of

he joint, caused by shear deformation, which is disregarded in the an-

lytical model. 

.4. Support stiffness and axis drift 

Because of the rotational symmetry of the structure, when a pure

oment is applied, the axis drift is zero. However, a joint is also ex-

ected to resist other loads without substantially alter its kinematics.

herefore, for the employment of the helicoidal shell concept as a revo-
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Fig. 4. The graph shows the strain energy density of a helicoidal shell as a 

function of the vertical coordinate 𝑧 , for an increasing applied rotation 𝜃. Once 

a part of the shape snaps into a reversed twist state, the strain energy density 

distribution does not increase in magnitude, but only widens its window. The 

data from the finite element simulation (solid lines) is compared to the value 

obtained by the analytical approximation (dashed line) in this graph. 
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ute joint solution, it is necessary to relate the torsional moment to the

ending stiffness that keeps the revolute joint centered to the middle

xis. For that purpose, the 6x6 linear compliance matrix, i.e. the inverse

f the stiffness matrix, related to the endpoint of the joint is given for
0

0

ig. 5. The constant moment values obtained analytically for a variety of geometri

xperimental results (d-f). a) and d) show the variation of the shell-thickness, ranging

esults is more limited because of strength limitations of the applied material and pro

 . 5 𝑤 0 to 2 𝑤 0 with 𝑤 0 = 0 . 1 × 10 −1 𝑚 . c) and f) show the variation of the rate of angle 

5 
he standard design as 
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erein the compliance value for the torsional stiffness 𝑐 𝜃𝑧 = 

𝜕𝜃𝑧 

𝜕𝑀 𝑧 
is given

or the undeformed configuration as well as for the constant-moment

ange, yielding an infinite compliance. All other compliance values are

etermined at the undeformed configuration. The lower-left part of the

atrix is left empty because of symmetry. 

To analyse how well the joint resists lateral forces in a more concise

ashion, and to be able to compare the effect of each design parameter,

 novel performance criterion is introduced. There are two important

ircumstances that make such a criterion necessary. First, because the

oint exhibits a constant torsional moment, thus a zero torsional stiff-

ess, in comparison the lateral stiffness will always appear infinitely

igh. Secondly, the constant moment will in most cases not be a pure

oment but will result from an unbalanced lateral force times a dis-

ance. It means that there is an implicit relation between the constant
0

cal design parameters is compared with the simulated results (a-c) and to the 

 from 0 . 5 𝑡 0 to 2 𝑡 0 with 𝑡 0 = 0 . 4 × 10 −3 𝑚 . The thickness range of the experimental 

duction method. b) and e) show the variation of the shell width, ranging from 

of twist, ranging from 0 . 5 𝛼0 to 2 𝛼0 with 𝛼0 = 
𝜋

0 . 1 
radm 

−1 . 



G. Radaelli International Journal of Mechanical Sciences 202–203 (2021) 106532 

F

N

α

w
t

Fig. 6. The non-dimensionalised form of the lateral deflection 𝛿 is plotted for the variations of the design parameters 𝑡 , 𝑤 , 𝛼 and 𝑁 . The scaling factor parameter 

on the horizontal axis is defined as a multiplication with respect to the design parameter of interest in the standard design , namely 𝑡 0 , 𝑤 0 , 𝛼0 and 𝑁 = 6 . The data 

represented by the solid lines is obtained by a finite element analysis of the helicoidal joints in a cantilever type loading condition. The scattered data points are 

obtained from experiments with equivalent loading conditions ( ◦ = 𝑡 , ∗= 𝑤 , ◊ = 𝛼, × = standard design , N is not varied in experiments). 
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oment and the lateral force. Therefore, only looking at the stiffness or

ompliance values does not give sufficient insight. 

The presented criterion relates the complex elastokinematic be-

aviour of a compliant joint to a purely kinematic measure. This is done

y assuming that in a practical embodiment of the joint, the torsional

oment is applied by a single sided force 𝐹 at a moment arm 𝑑, as shown

n Fig. 6 a. In practice, this moment arm 𝑑 would be of the same order of

agnitude as the length of the links connected by the joint within a link-

ge chain. From the torsional moment 𝑀 𝑧 , which is approximately con-

tant, the force 𝐹 can be determined for every set of design parameters

nd a chosen moment arm 𝑑. In a cantilever-type clamping condition,

he force 𝐹 does not only yield the desired twist deformation, but also

esults in a lateral deflection 𝛿. This deflection reflects an undesired off-

et of the center of rotation, also called axis drift. A non-dimensionalised

orm of the lateral deflection 𝛿 is proposed, defined as 

= 𝛿
𝑑 2 

ℎ 3 
. (12)

This non-dimensionalised form permits to present the remainder of

he bending analysis in a more general way, not relying on specific

hoices related to the height ℎ and the moment arm 𝑑, which may vary

ubstantially for different applications of the compliant joint. The height

 , in fact, has cubic influence on the deflection 𝛿, similar to the effect

f the length of a beam in a cantilever loading condition. The effect

f the moment arm 𝑑 on the other hand is inversely proportional: The

ame torsional moment 𝑀 𝑧 can be applied by a smaller lateral force 𝐹 

f the moment arm 𝑑 increases. In addition, the lateral deflection 𝛿 is

ormalised by the moment arm 𝑑 to yield a relative lateral deflection
̂ = 𝛿∕ 𝑑. This measure is taken because the axis drift of a joint is usu-

lly not relevant in absolute sense, but only in relation to the size of

he linkage chain where the joint is embedded. For the standard design,

he criterion yields a value of 𝜌 = 3 . 0 𝑒 − 3 , meaning that choosing, e.g.,

 = 𝑑 = 0 . 1 m , gives the deflection 𝛿 = 3 . 0 𝑡𝑖𝑚𝑒𝑠 10 −4 m . Normalised by the

oment arm 𝑑, it yields a relative lateral deflection of 𝛿 = 3 . 0 × 10 −3 , or

 . 3 % . 

A parameter-influence study on the lateral deflection criterion is

hown in Fig. 6 b. The criterion is calculated using a linear finite-element

nalysis of a joint composed of 𝑁 = 6 non-reversed helicoids. The sim-

lated joints were clamped at their basis, loaded by a lateral force 𝐹 

n the opposite end, without a moment arm, i.e. 𝑑 = 0 . From the con-

tant moment 𝑀 𝑧 obtained from the analytical model for every set of

esign parameters, the lateral force 𝐹 can be paired to a chosen value

f the moment arm 𝑑. Thus, from the simulated lateral force-deflection

ata, the lateral deflection 𝛿 is determined for a chosen finite moment

rm 𝑑. This is the lateral deflection that the joint would exhibit if a

otation was applied to the joint by turning a link with length 𝑑. The
6 
on-dimensionalised criterion 𝜌 obtained from the lateral force deflec-

ion simulations, is shown in Fig. 6 . Every line represents the variation

f a design parameter, expressed as a scaling factor with respect to the

alue in the standard design. It is remarkable to note from the results of

he finite element analysis, that the influence of the number of helicoids

of a joint does not seem to affect the axis drift. In fact, a higher num-

er 𝑁 of helicoids in a joint increases the required constant moment 𝑀 𝑧 

y the same factor as it increases its bending stiffness. 

The data in Fig. 6 is validated experimentally by force-deflection

xperiments on the non-reversed geometries. In concordance with the

imulation, the prototypes were clamped at their basis and loaded with

n imposed lateral deflection at the other end, while the reaction force

as measured. The non-dimensionalised criterion 𝜌, obtained from the

ateral force-deflection experiments on the same set of prototypes as

he torsional experiments, is shown in the figure by coloured markers,

here the colours correspond to the line colours of the simulated data. 

. Integration: neutrally stable linkages 

With the goal to generate neutrally stable linkage mechanisms, two

ases are distinguished: linkages with a closed loop, and linkages with an

pen loop. In the case of linkages with closed loops, e.g., parallelogram

echanisms, four-bar mechanisms, and linkages with scissor-pairs, the

onstant-moment joints can be employed directly. For every closed loop

he sum of interior angles remains constant upon deformation. There-

ore, the potential energy of the whole system remains constant for all

eformations, even for systems with more than one degree of freedom,

rovided that each joint remains within its constant-moment range. It

s necessary to preload the system in order to bring it in a configuration

hat satisfies the latter requirement. Rotating the joint in the opposite

irection, or beyond the constant moment region would disturb the neu-

ral stability because of the steep increase of the torsional moment that

ould result from it. We have created a neutrally stable four-bar link-

ge and a neutrally stable six-bar linkage according to this principle.

ictures of the moving mechanisms are shown in Fig. 7 and Fig. 8 (see

upplementary Video 3 and Supplementary Video 4). The lengths of the

inks in the shown mechanisms are arbitrary, since any combination of

engths would satisfy the neutral stability condition. 

Even neutrally stable open chains can be generated, provided that

he joints are used in their zero-moment modus. That means that the

eversion of the twist is initiated, and that the reversed region is used

s output of the joint. Equivalently, it is possible to stack two joints in

 collinear fashion and initiate the reversion by applying a rotation to

he two extremes. Then, the connection of the joints can be used as the

utput of the assembled joint. Using this technique with two pairs of he-

icoidal joints, we have created a two-link open chain that is neutrally
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Fig. 7. A neutrally stable four-bar linkage (orange schematic) is constructed 

with rigid links (black) and helicoidal shell joints (grey). The joints are 

preloaded such that they act in their constant moment range. At the bottom, 

top-views of a number of equilibrium positions are shown. See Supplementary 

Video 3. 

Fig. 8. A neutrally stable six-bar linkage (orange schematic) is constructed with 

rigid links (black) and helicoidal shell joints (grey). The joints are preloaded 

such that they act in their constant moment range. On the side, top-views of a 

number of equilibrium positions are shown. See Supplementary Video 4. 
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Fig. 9. A neutrally stable two-link open chain (orange schematic) is constructed 

with rigid links (black) and helicoidal shell joints (grey). Here, the helicoidal 

joints are used in collinear, preloaded pairs. In the range where both joints in a 

pair produce a constant but opposing moment, the moments cancel out, yield- 

ing neutral stability for every joint of the linkage. On the sides, top-views of a 

number of equilibrium positions are shown. See Supplementary Video 5. 
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table throughout a very large range of motion for all two degrees of

reedom. The motion of the linkage is illustrated in Fig. 9 (see Supple-

entary Video 5). 

. Discussion and conclusion 

A novel monolithic compliant revolute joint which features a con-

tant moment, a large range of rotational motion, high support stiffness

nd small axis drift is presented. The joint consists of a composition of

elicoidally shaped shells. Upon application of a rotation, the helicoids

rogressively reverse to the opposite direction of twist. The joints can

asily be integrated into linkage-type mechanisms, and the constant mo-

ent enables the possibility to generate neutrally stable linkages. Mech-

nisms consisting of many linkages and joints, like deployable structures

nd metamaterials, are limited in their behaviour by the absorption of

train energy by the elements of the mechanism and by poor kinematic
7 
erformance due to axis-drift. It is expected that the introduced heli-

oidal joint will considerably advance the development of such compli-

nt mechanisms with complex topologies. 

We introduced an analytical model of the helicoidal joint based on

nextensibility conditions of the shell, which is able to predict the mag-

itude of the constant moment. The model is suitable as an aid to the

arly design stage of the helicoidal joint. 

With a numerical analysis the behaviour of the joint was character-

zed in its full range of motion, including the effect of the transition

ones that were excluded from the analytical model, and thereby, val-

dating it. Both the analytical and the numerical model were used for

 parameter study that shows the influence of the thickness, the width,

he height and the rate of angle of twist on the behaviour of the joint.

xperiments with a torsion bench confirm the predictive ability of the

nalytical and numerical model, although manufacturing inaccuracies

nd the presence of visco-elastic losses in the specific material that was

sed cause significant levels of noise in the experimental data. 

In an additional numerical and experimental investigation, the joints

ere loaded as a cantilevered beam in order to provide a measure for

he axis drift under influence of transversal forces. A novel criterion is

ntroduced that captures the complex elastokinematic behaviour into a

urely kinematic measure. This is necessary because the matters of sup-

ort stiffness and on-axis stiffness cannot be seen independently, but

n the other hand, when the on-axis stiffness is zero or close to zero, a

imple ratio of stiffnesses is not informative since it reduces to zero irre-

pectively of the support stiffness. The introduced criterion is calculated

or the same variation of design parameters as for the constant-moment

nalysis. Remarkably, according to this criterion, the number of heli-

oids that form the joint does not affect the lateral deflection. It must be

oted that the lateral deflection data, both simulated and experimental,

as obtained for joints in the non-reversed state. It is likely that this rep-

esents an underestimation of the lateral deflection. Investigating how

he progressive reversion of the twist influences the lateral deflection of

he joints is a topic of forthcoming research. 

The height of the helicoidal joint is highly influential to two main

erformance indicators of a joint. When leaving all other parameters

nchanged, the height relates linearly to the range of motion of constant

oment, i.e. a higher joint can produce a constant moment over a larger

ngle. On the other hand a higher joint results in a decreased lateral

tiffness. It is thus important to consider this trade-off when applying

he joint, depending primarily on the required range of motion. 
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Representative embeddings of the helicoidal joints have been fabri-

ated: a four-bar linkage, a six-bar linkage, and a two-link open chain.

he prototypes demonstrate the ability to generate complex linkages

ith neutral stability using helicoidal joints. 

The principle of progressive reversion of a helicoidal shell can be

eneralised to achieve different mechanical behaviour, such as multi-

tability, negative torsional stiffness, and generally, any desired load

rofile. Of even greater significance would be to obtain single joints

hat exhibit a range of zero-moment. This would easy the generation

f neutrally stable linkages. Moreover it would eliminate the inherent

ateral force associated with a finite constant moment, which causes un-

esired lateral deflection. In order to generate all kinds of load profiles,

orthcoming research could be directed towards tailoring the design pa-

ameters in a non-constant fashion along the height of the joint. 
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