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Abstract— Tuning the stiffness of soft robots is essential in
order to extend usability and control the maneuverability of
soft robots. In this paper, we propose a novel mechanism
that can reconfigure the stiffness of tubular structures, using
pinching to induce highly directional changes in stiffness. When
pinched, these tubes can be then utilized as flexure hinges to
create virtual joints on demand; the orientation of the hinge
axis can additionally be selected via control of the distribution
of pinch forces on the surface of the tube. Through proper
material and geometry selection, passive shape recovery is
observed when pinching forces are removed; a proposed active
shape recovery technique can further assist the tube to recover
its initial shape in order to re-configure the hinge in a new
orientation. The proposed mechanism has been validated in
FEA as well as experimentally, looking specifically at the
relation between pinching force and curvature change, as well
as comparing tube stiffness between pinched and unpinched
configurations. The experimental prototype detailed in this
paper – and demonstrated in the associated video – is capable
of controlling the generation and recovery of flexure hinges at
multiple orientations around the radial axis of tubes on demand.

I. INTRODUCTION

The purpose of this paper is to demonstrate how thin-

walled cylindrical tubes can be pinched to create compliant,

virtual joints in any radial direction, and then recover their

original shape and stiffness once released. Through careful

design and material selection, this can result in large changes

in stiffness between the original shape, the intended degree

of freedom, and orthogonal axes; resulting flexures can then

used as passive, compliant rotational joints.

This work is motivated by soft robots, which have received

attention in recent years due to their ability to interact

with the world in complex ways using simple, continuously

deformable structures made with soft materials [1]. Such

robots often emulate bio-inspired systems such as snakes [2]–

[6], octopuses [7]–[10], and elephant trunks [11]–[13] due to

their ability to contort themselves into highly complex shapes

that would ordinarily be impossible with traditional rigid

robots. This is possible because local curvature in any di-

rection can be induced through the proper mixing of internal

actuator forces. However, because of the material-dependent

nature of soft-bodied robots, control difficulties can arise

due to the high computational cost of estimating pose and
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Fig. 1. Conceptual rendering of the proposed mechanism. A cylindrical
tube is deformed by pinching, resulting in a flexure hinge that can rotate
when a load is applied at the end.

optimizing trajectory in redundant, high degree-of-freedom,

continuum robots. In order to ameliorate these difficulties

while utilizing the natural deformability of soft robots, a

great deal of research has looked into tuning the stiffness

of soft robots for the purpose of simplifying models and

making more efficient controllers [14], including utilizing

jamming [15], [16], active elastomers [17], tendon-driven

solutions [18], as well as anisotropic [19] and functionally

graded materials [20].

Tuning the shape or curvature of soft devices has been

studied for its ability to alter system stiffness. Nguyen et

al. highlight how curvature-change can modulate the stiff-

ness of fish fins [21], while Pini et al. detail how internal

stress fields can impart stiffness changes in thin sheets via

two-dimensional bending [22]. This can be enhanced by

weakening or creasing material along a curve to produce

rapid transitions between static states in curved soft materi-

als [23]. Curvature and shape change may also be actively

controlled for the purposes of changing stiffness [24]. Some

compact examples include the use of SMA tendons [25] and

springs [26].

Across the various research which has been performed in

this area, the majority focuses on how the design and place-

ment of internal actuation within continuum manipulators

impacts arm state and end effector configuration via multiple

actuators [2]–[13], [27]. Altering stiffness has previously

been accomplished through numerous approaches [14]–[20],

but within the body of work focusing on curvature-influenced

stiffness, papers focus on mechanics or stability analy-

sis [21]–[23] while others use one degree of actuation to

stiffen or soften a geometry [24]–[26]. In contrast with

these studies, this work investigates how combining the

forces of more than one actuator can influence the creation

and orientation of flexure hinges in tubes, and how, with

proper geometry and material selection, those hinges can

then passively or actively revert back to a stiffer tubular struc-
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ture. These devices, if properly implemented in continuum

devices, could permit soft robots to utilize simpler models

akin to their rigid counterparts while retaining the benefits

of soft robots.

In order to realize this concept, we propose to change

the local surface curvature of thin-walled tubes in order

to alter local bending stiffness; in this way local buckling

makes the tube’s altered mechanical properties suitable for

use as a flexure hinge about the buckled region. We believe

this novel soft hinge, shown in Fig.1, fits within a larger

class of kinematic elements which we call Soft, Curved,

Reconfigurable, Anisotropic Mechanisms, or SCRAMs. Like

the bio-inspired mechanisms mentioned above, SCRAMs are

capable of re-configuring the stiffness of curved surfaces for

use as virtual joints in soft robots. The proposed SCRAM

mechanism in this paper re-configures its internal stiffness

through the application of opposed pairs of pinching forces

(via actuated pairs of tendons) on the surface of the tube.

By controlling the distribution of forces exerted through

the tendons, this SCRAM device is able to flatten the tube

in different radial orientations, permitting one to select the

hinge’s axis of rotation on demand. In doing so, the concept

proposed in this paper extends prior work mentioned above,

enhancing the usability of stiffness tuning mechanisms for

more complex applications such as robotic arms and snake-

like robots. Furthermore, in contrast to prior work, which

uses shape change in soft systems directly for actuation pur-

poses, our approach uses shape change and reconfiguration

indirectly, for the purpose of reducing system stiffness about

a desired hinge axis. Actuator forces are directed orthogonal

to system outputs, minimizing their contribution to work

done at the end effector – an advantage for sizing future

shape change actuators, which we discuss in the conclusion.

In the following sections, we discuss the principle of

operation for the proposed mechanism, using finite element

analysis (FEA) to understand the relationship between dis-

tributed pinching forces, curvature, and system stiffness. We

then propose a set of criteria to evaluate the performance

of the mechanism and experimentally validate the concept

with a benchtop prototype. We then analyze and compare

the stiffness change between pinched and unpinched tubes,

and provide insights as to the impact of our work and future

research directions.

II. FEA MODELING

In this section, we validate the efficacy of the proposed

mechanism by conducting a Finite Element Analysis (FEA)

study on a cylindrical tube with 0.1 m radius, 0.3 m length,

0.001 m wall thickness and 2.96 GPa stiffness. Using FEA,

we seek to demonstrate that a pair of opposing collinear

forces exerted on a tube results in a highly deformed section

of the tube’s body and significantly lowers stiffness in

comparison with an undeformed tube. In addition, we study

the ability of a finite number of pinching forces to orient

the major axis of deformation through 360◦. Finally, we

analyze the behavior of the pinched tube under various

loading conditions.

The analysis is performed using SolidWorks Simulation;

small modifications have been made to the tubular geometry

in order to better localize constraints and force application

points. In order to constrain the tube’s circular cross-section

at its proximal and distal ends, two rigid prismatic parts

are merged with the tube’s geometry. In order to provide

pinching sites on the surface of the tube, small prismatic

geometries are added to the interior of the tube halfway along

its length. Fillets are used to transition between geometries

to avoid part failure in these particular regions. The resulting

geometry can be seen in Fig. 2(a).

The first analysis uses a nonlinear, static approach to

model the interaction between pinching forces and tubular

deformation. The mesh is created with ‘Curvature-based

mesh’ elements with a minimum and maximum sizes of

2.7 mm and 8.1 mm, respectively, resulting in around 30200

nodes in the model. Our approach begins by determining

the force required to completely pinch a tube until its

sidewalls(or the added prismatic geometries) touch. This

results in a weak section in the tube body (that is more

conducive to bending like a flexure hinge). Figures in red,

blue, and green circles in Fig. 2(d) show one pair of pinching

forces deforming a tube till its interiors meet. This confirms

the possibility of producing a nearly flat section in the tube

while meeting the experimental result in Fig. 5(b).

When a pair of equal and opposite collinear pinch forces

are applied to each side of the tube, the maximum deforma-

tion falls along a line that is orthogonal to the pinch force

vectors (Figures with red, blue, and green circles in Fig. 2(d))

and the radial axis of the tube. We hypothesize that by

combining multiple sets of force pairs, the orientation of

this axis can thus be controlled to influence the resulting

hinge orientation. Thus, our model has been augmented with

multiple pairs of pinching forces, separated by an angular

spacing θ of

θ =

360

2n
(1)

where n is the number of pinching unit pairs embedded in

the tube.

Based on the above design assumptions, with two per-

pendicular unit pairs of pinching forces (θ = 90◦), our FEA

reveals that the simultaneous actuation of the units, even at

different force levels, does not result in a roughly elliptical

cross section with a single major axis. Rather, the pinch-

ing forces create the dimpled-looking deformation seen in

Fig. 2(b), with two independent, simultaneous perpendicular

sets of major and minor deformation axes that we liken to a

singularity consisting of multiple solutions.

A mechanism with three pairs of pinching units is subse-

quently studied. In this design θ = 60◦. The result, seen in

Fig. 2(c), shows that simultaneous actuation of all three pairs

at the same force magnitude results in the same dimpling as

in the case of n= 2, with no clear major axis of deformation.

Actuating only two of the pairs at a time, however, results in

the tube deforming without multiple simultaneous solutions,

which looks like the results for the case of a single pair of

pinch forces.
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radially distributed around the length midpoint of the body

so that tendons could pass through the tube without cutting

or abrading the material.

In order to show the potential for controlling the orien-

tation of the resulting soft flexure hinge, this prototype is

actuated using a tendon-based system to impart three separate

pinching forces around the circumference of the tube. Six

tendons are routed individually through one of the grommets

and then routed and connected to one of three Dynamixel

XM430-W350-T servos through a system of pulleys attached

to ground, making it possible to symmetrically drive a pair

of tendons from one servo so that three equal and opposite

pairs of pinch forces may be individually applied to the tube

at 60◦ radial spacing, matching the arrangement of the FEA

simulation. The tendon distribution and the final test setup

may be seen in Fig. 4(a) and (b) respectively. The pinching

force and the amount of tube deformation are measured by

the torque and the position of the servo.

IV. PINCHING FORCE VS. TUBE CURVATURE

The relationship between pinching force and tube curva-

ture is discussed next. We approach the problem both to un-

derstand the relationship between pinching force magnitude

and the amount of deformation, as well as to understand the

relationship between the distribution of pinch forces across

the tendons and the resulting flexure hinge’s orientation.

A. Pinching Force V.S. Deformation

To understand the relationship between pinching force and

tube deformation, we have measured tendon force at sample

positions via Dynamixel servos. This test has been conducted

with the servos operating in position control mode, wherein

the servo’s embedded controller applies a control signal to

drive the servo to a goal position, which is tracked internally.

By actuating the servo to pull the tendon a certain length,

the surface of the tube correspondingly deforms.

In our test, the servo starts from a position corresponding

to a fully undeformed tube, and increments by a small

amount until the final tendon displacement equals the radius

of the tube. The servos’ position and current are recorded at

each increment. Tendon tension is then calculated by record-

ing the motor current at each step and calculating the tendon

forces as a function of both the current/torque curve provided

by the manufacturer [32] and the radius of the output pulley.

Because each tendon is routed through a minimum number

of pulleys, we assume that the majority of the current applied

by each motor is transmitted into a pinching force rather than

lost within the tendon system itself. The relationship between

pinching force and the tube’s deformation can be seen in Fig.

5(a). By controlling the magnitude of the pinching force, a

specific amount of deformation can be established in the tube

that is qualitatively consistent with our FEA results.

B. Orientation of the Pinching Force V.S. Deformation Di-

rection

To understand the relationship between the orientation of

the pinching force and the direction of the deformation,

we conducted another set of experiments, pulling different

tendons aligned along different orientations in order to

generate pinching forces in different directions. This was

accomplished by commanding the servo (in position control

mode) to pull the tendon so that appropriate pinch forces

were generated to deform the structure, similar to the FEA

analysis discussed in Section II. As can be seen in Fig 5(b),

the orientation of the flexure hinge changed as a function

of tendon force distribution. This result also qualitatively

matches with the results seen in Fig. 2(d) and discussed in

Section II.

Based on the aforementioned tests, the relationship be-

tween the pinching force and the curvature generation can

be better understood. The magnitude of the pinching force is

positively correlated to the flattening of the tubular structure,

and the direction of the curvature depends on the orientation

of the pinching force.

V. EVALUATION OF THE FLEXURE HINGE

In this section, we evaluate the performance of the flexure

hinge generated by pinching, examining joint stiffness as

well as its directional displacement when loaded with with

forces in varying directions.

A. Bending Stiffness Analysis

This section deals with changes in tube stiffness due to

pinching. The experimental setup is shown in Fig. 6(a).

In this test, a linear stage pushes a contact point parallel

to the ground while an ATI Mini40 six-axis force-torque

sensor records the forces. This was conducted over multiple

trials for different displacements in both the pinched and

unpinched configuration, as shown in Fig. 6(b). To better

understand the difference in stiffness due to pinching, we

compare the slopes of the linear regions between the pinched

and unpinched states. As shown by the slopes of each linear

fit, as seen in Fig. 6(b), the difference between pinched

and unpinched configurations results in a dramatic stiffness

change from k1 = 1812 N/m to k2 = 148.6 N/m; in other

words, the stiffness of the unpinched tube is 12 times stiffer

than the pinched tube.

Figure 6 also shows that the load increases linearly as a

function of forward displacement in both the pinched and un-

pinched configuration. Linear behavior can also be observed

when moving backward, though hysteresis is present. It can

be seen that the pinched configuration exhibits much more

hysteresis, which we can attribute to several factors. First,

because the displacements for the pinched experiment are

generally larger, viscoelastic creep due to our material se-

lection may be amplified and more noticeable. As discussed

previously, TPU has been selected for its ability to recover

without noticeable plastic deformation, but it may not be an

ideal material in other ways. Hysteresis may also be caused

by the fact that the inner surfaces of the tube may slide

against each other when the system is fully pinched, which

can lead to frictional losses and a new static equilibrium

after bending. This is supported by the fact that after larger

displacements, the tube did not fully recover while still in
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Fig. 5. Pinch force and the corresponding deformation. (a): Pinch force required to reach specific tube deformation. (b): Pinch in three different
directions with 60o radial spacing and the hinge developed correspondingly.

its pinched state; After tendon tension was relaxed and the

tube recovered its initial shape, however, its performance

when pinched again exhibited the same linear behavior across

repeated tests.

Fig. 6. Bending Stiffness Analysis. (a): Test setup including linear stage,
force sensor, and pusher. (b): Bending Stiffness comparison for pinched and
unpinched tube.

B. Alignment of Forces, Hinge Axes, and Resulting Displace-

ments

To validate the suitability of the flexure hing to perform

as a revolute joint, we orient the test setup so that the

tube’s radial axis is perpendicular to the ground. A 500 g

weight is attached to the end of the structure. The servo is

then commanded in velocity mode to fully pinch the tube

at a constant speed. The tendons parallel with the gravity

vector are actuated in the first example, so that the resulting

flexure hinge is perpendicular to the gravity vector. In order

to eliminate the effect of the unpinched tendons, the other

servos are driven so as to keep those tendons slack.

During this test we observe that as the tendon force

increases, the tube’s curvature changes, and the structure

gets visibly weaker until it buckles, demonstrating a drastic

change in stiffness around a newly created hinge. This

procedure is shown in the supplementary video.

Two other tests have been conducted to demonstrate that

the hinges generated using this concept behave similarly to

a formal revolute joint, which is commonly used in robotics

to provide rotation about a single-axis. In these two tests,

we actuate the other two pairs of the tendon individually so

that the pinching force is applied in two different directions

at an angle of ± 60◦ relative to gravity. As before, a load of

500 g is attached to the end of the structure and the servos

are commanded to to pinch the tube at a constant speed. As

can be seen in Fig.7(a), the structure deforms as the tendon

is pulled to its limit. Since the orientation of the resulting

hinge varies, the direction of the end-effector’s motion about

the hinge axis changes concurrently in response to the same

load.

VI. SHAPE RECOVERY OF THE FLEXURE HINGE

As an essential part of hinge reconfiguration, we study

the recovery of the flattened tube back to its circular cross-

section. During the tests introduced in Section V.A, we found

that the tube was able to passively recover its shape under

500 g load when the pinching force was removed. This is

due to the stiffness, geometry, and the elastic nature of TPU.

This result also validates the shape recovery requirement of

our selection criteria.

The tube was also evaluated at a load of 1000 g. In

this case, the TPU was unable to passively recover without

aid. Instead, an active strategy was used. The two tendons

exerting pinching forces were first released and the other two

pairs of pinch tendons were lightly actuated to pinch the tube

antagonistically in other two directions. This resulted in the

tube regaining its tubular shape under load, as can be seen

in Fig. 7(b), as well as in the supplementary video.

VII. CONCLUSIONS AND FUTURE WORK

This paper introduces a novel concept for tuning the

stiffness of a thin-walled tube by altering the local sur-
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Fig. 7. Creation of flexure hinges and subsequent recovery. (a): Deformation of tubes under 500 g load with differing hinge orientations. (b): Recovery
of tubular shape (under 1000 g load) using active and passive approaches.

face curvature through pinching. Its intellectual contributions

include (i) a physical implementation of this concept, (ii)

understanding and evaluation of the relationship between the

pinching force and the tube deformation supplied both by

FEA and experiment; (iii) insights into how the combination

of multiple pinching forces can be used to orient the major

axis of deformation and resulting flexure hinge, demonstrated

in FEA and experiment (iv) experimental evaluation of the

suitability of the resulting hinge for use as a joint including

its stiffness and displacement under load, and (v) prototype-

based validation of active and passive shape recovery of the

tube.

Future work will mainly focus on actuation, sensing, and

applications of the proposed concept. To begin with, a better

normalization of our FEA model will permit a more uniform

distribution of tendon forces to increase consistency of de-

formation and hinge performance throughout 360◦. This will

lead to a better understanding of how our design parameters

can improve system performance in order to use multiple

hinges as a system. Our aim is to permit more complex,

reconfigurable mechanisms such as robot arms and snake-

inspired designs. We will also look into ways to improve

the systems for pinching and actuating the hinge. As can be

seen in Section III B, although the tendon based actuating

system used in the test setup can effectively pinch the tube

and verify the principle of operation, in its current state is

too complex and bulky for applications outside of an exper-

imental test bed, if we wish to integrate multiple SCRAM

stages together, for example. This drawback motivates us to

search for and develop more portable and simpler actuating

systems that can effectively pinch and actuate the hinge. We

believe our approach of actuating internal shape and stiffness

change (rather than end-effector motion), in conjunction with

additional materials and geometry optimization, will eventu-

ally permit lower-power and more compact actuators to be

integrated within the tubular system itself. New methods to

sense local deformation will also be necessary in order to

close the loop and actively control shape change in future

SCRAM devices.
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