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Increasing the payload capacity of soft robot arms by
localized stiffening
Daniel Bruder*, Moritz A. Graule, Clark B. Teeple, Robert J. Wood

Soft robot arms offer safety and adaptability due to their passive compliance, but this compliance typically
limits their payload capacity and prevents them from performing many tasks. This paper presents a model-
based design approach to effectively increase the payload capacity of soft robot arms. The proposed approach
uses localized body stiffening to decrease the compliance at the end effector without sacrificing the robot’s
range of motion. This approach is validated on both a simulated and a real soft robot arm, where experiments
show that increasing the stiffness of localized regions of their bodies reduces the compliance at the end effector
and increases the height to which the arm can lift a payload. By increasing the payload capacity of soft robot
arms, this approach has the potential to improve their efficacy in a variety of tasks including objectmanipulation
and exploration of cluttered environments.
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INTRODUCTION
Compliance, the extent to which a structure deforms because of an
applied load, increases safety by mitigating the damage caused by
large contact forces through deformation. In robot arms, compli-
ance is essential for ensuring safe execution of tasks that involve
physical human-robot interactions, such as bathing (1, 2) and
feeding (3), manipulating delicate objects (4–8), and maneuvering
in unknown environments (9–12).

Compliance can be achieved via control or structure, and each
paradigm has unique advantages and disadvantages. Compliance
achieved via control can be tuned without making physical alter-
ations to a robot but requires accurate sensing and high-bandwidth
feedback. Compliance achieved via structure, specifically because of
the passive compliance of a robot’s body, does not require such
hardware but can only be tuned by modifying the morphology of
the robot itself.

Traditional rigid-bodied robots tend to achieve compliance via
control. They are composed of rigid links and use rigid actuators,
such as motors, which constrain motion to occur only along the ac-
tuated degree of freedom. Rigid-bodied robots that use such actua-
tors at all of their joints are considered fully actuated. Fully actuated
robots are able to achieve compliance by using feedback to react to
external forces in a way that mimics the behavior of a more inher-
ently compliant system, and there are a number of established
control schemes to do so (13–15). A key advantage of achieving
compliance in this way is that the robot can actively tune its com-
pliance to best suit the task at hand without requiring any hardware
modifications. However, implementing full actuation is burden-
some for systems with many degrees of freedom. To be fully actu-
ated, a robot must have as many actuators as degrees of freedom, but
each additional actuator introduces extra cost, complexity, andmass
into the system. Furthermore, to deploy any compliance control
techniques on a robot arm requires it to have precise knowledge
of its configuration and external contacts and to run its controller
at a high enough frequency to react to external disturbances with an

acceptable latency. Such a robot may also lose its compliance in the
event of a controller failure, meaning that it only offers condition-
al safety.

Soft robots tend to achieve compliance via structure, which is
more reliable because it is built into the robot itself. Soft robots
(16, 17), continuum robots (18, 19), and series-elastic robots (20)
that use actuators that permit multidirectional motion—such as
McKibben muscles (21, 22), bellows (23), fiber-reinforced elasto-
meric enclosures (FREEs) (24), and cable tendons (25)—are all ex-
amples of robots that are compliant because of their structure and/
or material composition rather than feedback control. For this
reason, we say such robots offer inherent safety. A disadvantage
of this type of built-in compliance is its limited ability to be
changed without making hardware modifications. For underactu-
ated robots in particular, there does not necessarily exist a control
input that can achieve a desired output compliance because of the
passive compliance of the unactuated degrees of freedom. Even if a
robot is capable of generating a desired force in a particular direc-
tion, its passive compliance in other directions may make it difficult
to maintain its pose when an external load is applied. As a result,
robot arms that exhibit structural compliance tend to substantially
deform when external forces are applied, resulting in a limited
payload capacity that makes them unsuitable for tasks in which
compliance would be desirable but a larger payload is needed.

Previous research has sought to combine the advantages of
structural compliance with the convenience and versatility of com-
pliance via control. In rigid-bodied robots, this has been achieved by
using variable stiffness actuators (VSAs) (26). VSAs actively modu-
late the stiffness of joints through lever arm mechanisms (27), an-
tagonistic actuation schemes (28), and spring mechanisms (29).
VSAs allow rigid-bodied robots to actively tune their built-in com-
pliance during operation, enabling faster and safer motion control
(30–33). In soft robots, which are inherently compliant, variable
compliance is achieved through a number of active stiffening ap-
proaches that use jamming, shape-memory materials, tempera-
ture-dependent materials, and antagonistic actuation (34). This
stiffening allows soft robots to increase the forces transferred to
the environment when necessary.John A. Paulson School of Engineering and Applied Sciences, Harvard University,
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Although there are many examples of structures and actuators
that enable robots to actively vary the compliance of their bodies,
there is a need for principled modeling, design, and control ap-
proaches for effectively implementing variable compliance to
achieve desired performance goals. Toward that aim, Stella et al.
(35) presented a strategy for controlling the pose and physical stiff-
ness of a soft robot arm to achieve a desired compliance at the point
of contact with the environment. The approach was validated in
simulation and on a real tendon-driven variable stiffness manipula-
tor, enabling the robot to successfully perform a peg-insertion task.
The work established a method for modeling and controlling the
end-effector compliance of a soft robot arm but did not explore
how such methods could be leveraged in design to overcome the
current physical limitations of soft robots.

This paper presents amodel-based design approach to effectively
increase the payload capacity of soft underactuated robot arms. The
proposed approach combines the advantages of structural compli-
ance with the convenience and versatility of compliance via control.
This approach does not require the arm to be fully actuated, reduc-
ing the complexity and cost per degree of freedom. It offers a par-
adigm for designing and constructing robot arms that exhibit
inherent safety but with an increased payload capacity, making
them well suited for myriad human-assistive tasks.

The contributions of this paper are threefold. First, through
model-based analysis, we reveal how underactuated robot arms
can use localized body stiffening to reduce the compliance at the
end effector, resulting in an increased payload capacity. Second,
we provide an experimental validation of the model and a demon-
stration of the advantages of localized body stiffening in both sim-
ulation and on a real robot arm (see Fig. 1). Third, we present a
robot arm that achieves variable body stiffness using antagonistic
actuation and demonstrate its usefulness in a real-world task that
requires both compliance and strength.

RESULTS
Modeling
Compliance is a measure of the degree to which something resists
deformation when a force is applied. For a given applied force, a
material or structure with high compliance deforms more than a
material or structure with low compliance. For many robotic appli-
cations, we are interested primarily in the compliance of the end
effector, that is, the degree to which the end effector resists
motion when an external force is applied to it. This “task-space

compliance” is jointly determined by a robot’s geometry, material
composition, configuration, and control input. We desire a model
that can describe this task-space compliance to reveal how to better
design and control robot arms to support larger payloads.

There are a number of finite dimensional soft robot models, such
as the piecewise-constant-curvature (36) and piecewise-smooth-
curvature (7, 37) models, cubic hermite splines models (38),
pseudo-rigid body models (39–41), and many others (42). In this
work, we chose to use a rigid-body model in which the arm is
divided into a chain of rigid links connected by revolute joints,
which has been shown to be sufficiently accurate to capture the be-
havior of real soft robots in navigation and manipulation tasks (43,
44). This choice allows us to apply Cartesian impedance theory (45)
to describe the relationship between configuration-space compli-
ance and task-space compliance and readily gain useful insights re-
garding how to design more capable soft robot arms.

The following sections describe our modeling approach and its
application to a planar robot arm. The model predictions suggest
that compliance at the end effector can be substantially reduced
by the localized stiffening of subsections of a robot arm without
substantially reducing its range of motion. Within this modeling
framework, robot configuration is described by a set of joint
angles; therefore, we refer to the configuration space as joint
space henceforth.

Joint-space compliance
A generic rigid-link arm consists of a series of Nlinks rigid links each
of length ‘i connected by Njoints = Nlinks − 1 joints (see Fig. 2). The
ith link has a coordinate frame fixed to it defined by the orthogonal
set of unit vectors x̂i; ŷi; ẑi where the origin is located at the base of
the link and the ẑi axis is pointing along the length of the link. Each
joint can permit one, two, or three degrees of freedom. The dis-
placement of the ith joint, qi, is thus described by up to three
angles, αi, βi, γi, which describe the rotations about the x̂i; ŷi; ẑi
axes, respectively.

The configuration of the arm q can be described by the complete
set of n = 3(Nlinks − 1) joint angles

q ¼

q1
..
.

qNlinks � 1

2

6
4

3

7
5 ¼ ½α1 β1 γ1 � � � αNlinks� 1 βNlinks� 1 γNlinks � 1�

`
ð1Þ

The arm is outfitted with Nacts actuators, with the input into the
ith actuator denoted ui. Such actuators could be electrically driven
motors attached to the arm via tendons; fluid-driven actuators, such
as bellows (23) and McKibben artificial muscles (46); or any other
actuator that has nonzero compliance in the direction of actuation.
These actuators can be affixed to the rigid-bodied spine in many
ways. They may exert joint torques directly [for example, the
“Grub” robot in (47)], they may be aligned parallel to the spine to
indirectly induce joint torques and bending (48–51), or they may be
coupled in some other way. For our purposes, we assume only that
the potential energy stored in the ith actuator can be described as a
function of the arm configuration and input, that is,
Uact

i ðq; uiÞ [ R. This assumption will allow us to express the joint
torques as a function of the joint angles q and actuator
inputs u ¼ ½u1; � � � ; uNacts �

`.
Fig. 1. Effect of joint stiffness on lifting. An underactuated robot arm sags under
gravity because of the weight of its payload. However, this effect is substantially
reduced by increasing the stiffness of some of its joints, which increases the height
to which it can lift a payload by Δh.
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We can derive an expression for the joint torques as a function of
the configuration and actuator inputs using the principle of the con-
servation of energy. The total potential energy of the arm, U, can be
expressed as the sum of the potential energy stored in the actuators
and body

Uðq; uÞ ¼ Uactðq; uÞ þ UbodyðqÞ ð2Þ

where Uact(q, u)is the sum of all of the actuator energies and Ubody-

(q) is the total potential energy stored in the robot body, including
the elastic energy stored in the joints and the gravitational potential
energy due to the mass of the links. The principle of conservation of
energy implies that for a virtual displacement of the system from
static equilibrium, δq, the sum of the work of the joint torques,
τq, and the change in potential energy are equal to zero, that is

τ`
q δqþ δU ¼ 0 ð3Þ

We can apply the chain rule to express the change in total poten-
tial energy in terms of the virtual displacement

δU ¼
∂Uðq; uÞ

∂q
δq ð4Þ

Equation 4 can be substituted into Eq. 3, and because it holds for
any virtual displacement δq, Eq. 3 can then be simplified to yield the
following expression for the joint torques

τqðq; uÞ ¼ �
∂Uðq;uÞ

∂q

`

ð5Þ

For a given configuration q and input u, we assume the joint
stiffness induced by the actuators to be locally linear. That is, for
some stiffness matrix Kq ∈ ℝn × n, the following relationship
holds in a neighborhood of q

δτq ¼ Kqðq;uÞδq ð6Þ

where δτq is the resulting change in joint torques due to the dis-
placement. This stiffness matrix encodes the local change in joint

torques given a joint displacement. Hence, it can be defined as
the partial derivative of τq with respect to q, which is equivalent
to the negative second partial derivative of the total potential
energy U with respect to q

Kqðq; uÞ ¼
∂τqðq; uÞ

∂q
¼ �

∂2Uðq; uÞ
∂q2

ð7Þ

The joint compliance matrix Cq ∈ ℝn × n encodes the local joint
displacement given a set of applied joint torques. It satisfies the
inverse relationship to Eq. 6

δq ¼ Cqðq; uÞδτq ð8Þ

Hence, it is defined as the inverse of the stiffness matrix

Cqðq;uÞ ¼ K� 1q ðq; uÞ ð9Þ

This inverse exists as long as no joints have zero stiffness, which
we assume to be the case for any robot arm that approximates the
behavior of a continuum arm.

Task-space compliance
Let the Cartesian coordinates of the end of each link of our arm be
described by the vector x ∈ ℝ3Nlinks defined as

x ¼ ½ x1 y1 z1 � � � xNlinks yNlinks zNlinks �
`

ð10Þ

We say that x describes the configuration of the robot in task
space, whereas q describes it in joint space.

The relationship between displacement and force is captured by
the robot’s task-space compliance Cx, which satisfies the following
relation

δx ¼ Cxðq; uÞδτx;ext ð11Þ

where δτx, ext is an externally applied virtual force and δx is the re-
sulting virtual displacement. This task-space compliance matrix is
related to the joint-space compliance matrix via the following

Fig. 2. Generic robot arms. (A) A generic robot arm consisting of a series of rigid links connected by joints with three degrees of freedom. The orientation of a link relative
to its predecessor is described by a set of three joint angles. (B) An example planar robot arm where each joint has just one degree of freedom.
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equation

Cxðq; uÞ ¼ JxðqÞCqðq; uÞJ`
x ðqÞ ð12Þ

where JxðqÞ ¼ ∂x
∂u is the standard manipulator Jacobian (52). The

Supplementary Materials contain a complete derivation of Eq. 12
and Algorithm 1, which summarizes the steps to compute the
task-space compliance matrix given q and u.

The task-space stiffness matrix, Kx, is defined as the inverse of
the task-space compliance matrix, that is, Kx(q, u) = Cx(q, u)−1.
Note that this inverse is only well defined when the arm is not at
a kinematic singularity (for example, completely straight), because
in such cases the manipulator Jacobian Jx ceases to be full rank. For
example, when an arm is in a completely straight configuration, it
has zero task-space compliance along the direction the arm is point-
ing. The inverse of 0 is not well defined; therefore, neither is the
corresponding task-space stiffness in this direction. The compliance
matrix is well defined even at kinematic singularities, however. For
this reason, it is more convenient to describe the robot’s resistance
to deformation in task space in terms of compliance rather than
stiffness.
Example: Planar arm driven by McKibben muscles
To illustrate the relationship between joint compliance and task-
space compliance, we consider an example system consisting of
an articulated planar arm outfitted with McKibben muscles to
provide actuation. This section walks through the derivation of
the compliance matrix for this system and shows how the model
reveals a way to increase the arm’s payload capacity through local-
ized body stiffening.

For this example, we consider a massless planar four-link robot
arm (Nlinks = 4, Njoints = 3), where every link has a length of 0.25 m,
that is, ‘i = 0.25m ∀ i = 1, …, Nlinks, shown in Fig. 2B. In this planar
example, the displacement at the ith joint is described by a single-
joint angle βi about the y axis. The configuration of the arm in joint
space is thus given by the Njoints × 1 vector

q ¼ ½ β1 � � � βNjoints �
`

ð13Þ

and the configuration of the arm in task space is given by the 2Nlinks

× 1 vector

x ¼ ½ x1 z1 � � � xNlinks zNlinks �
`

ð14Þ

Each joint has a passive stiffness denoted ki = − 0.5 Nm that con-
tributes a displacement-dependent joint torque according to
Hooke’s law, that is, τŷi ¼ kiβi.

The arm is actuated by two McKibben artificial muscles (Nacts =
2) mounted to opposite sides. They are spaced a distance of 0.1 m
from the arm’s centerline, which is captured by the vector of actu-
ator offsets, d = [ − 0.1,0.1]⊤m. The two McKibben muscles have
identical parameters (53); the length of the fibers of their braided
sleeves is Bf = 1.4 m, and the number of revolutions the fibers
make from one end to the other is Nf = 1. The control input u is
defined as the vector of fluid pressures inside the McKibben
muscles, that is, u = [p1, p2]⊤.

The derivation of the task-space compliance matrix, Cx(q, u), for
this example arm is included in the Supplementary Materials. We
can visualize the arm’s end-effector compliance by computing the
resulting displacements from a set of unit forces applied to the end
effector. Doing so for all forces in the unit sphere generates the com-
pliance ellipsoid

Cðq; uÞ ¼ fδx ¼ Cxðq;uÞτext
such that kτextk ¼ 1

τext;i ¼ 0 for i ¼ 1; . . .; 2ðNjoints � 1Þg
ð15Þ

Because the arm is planar in this case, we only consider forces in
the xz plane, resulting in a compliance ellipse.

Figure 3 illustrates how changing the joint stiffnesses affects the
compliance at the end effector. Figure 3A shows the equilibrium
configuration and compliance ellipse for the arm given a control
input of u = [1,50]⊤ Pa with a passive stiffness of 0.05 Nm at
every joint. Figure 3C shows the equilibrium configuration and
compliance ellipse given the same input but with an increased stiff-
ness of 5 Nm at every joint. As expected, the size of the compliance
ellipsoid decreased as the joint stiffnesses increased. However, it
should also be noted how the equilibrium position moves closer
to the origin, indicating a reduction in the arm’s range of motion.
There is thus a trade-off between end-effector compliance and the
size of the workspace.

Fig. 3. Compliance ellipse for various joint stiffnesses. The equilibrium position and compliance ellipse of a planar arm driven by two McKibben muscles pressurized
to 1 and 50 Pa according to the model. In (A), all joints have low stiffness, so it shows substantial deformation and a large compliance ellipse. In (C), all joints have high
stiffness, so it shows little deformation and a small compliance ellipse. In (B), joints 1 and 3 have high stiffness, allowing the arm to show substantial deformation while
also reducing the size of the compliance ellipse. Note that thicker springs denote higher stiffness at each joint.
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It is possible to sidestep this trade-off, however, as illustrated by
Fig. 3B. By increasing the stiffness of just a subset of the joints rather
than all of them, the compliance of this arm can be reduced without
substantially reducing its range of motion. Figure 3B shows the
equilibrium configuration and compliance ellipsoid for the arm
given the same control input but with an increased stiffness of 5
Nm at joints 1 and 3 only. Compared with Fig. 3A, the size of the
compliance ellipsoid is substantially reduced, but the height of the
end effector remains nearly unchanged. In the following sections,
we validate this behavior in both simulation and on a real system
and demonstrate how this principle can be exploited to increase
the strength and functionality of soft robotic systems through local-
ized body stiffening.

Evaluation
The model presented in the previous section predicts that by stiff-
ening a subset of its joints, an underactuated robot arm can substan-
tially reduce its end-effector compliance without sacrificing its
range of motion. We validated these predictions in both simulation
and on a real system.

We leveraged the PyBullet physics engine (54) and the SoMo
(43) and SoMoGym (44) frameworks to construct and simulate a
dynamically realistic planar manipulator arm. The arm is composed
of two bending sections or “modules”made up of 17 links connect-
ed by 16 joints with customizable stiffnesses and a longer rigid
segment connected to its end effector to extend its range of
motion. This simulated robot arm enables us to observe the effect
of stiffening many different subsets of joints without having to
physically implement such behavior.

The real robot arm that we constructed consists of two pneumat-
ically actuated segments, each with a spine made up of four compli-
ant universal joints, and a third rigid segment meant to extend its
range of motion (see Fig. 4). Each segment is equipped with the

ability to stiffen three of four of its joints using an antagonistic ac-
tuation scheme. The stiffnesses of the joints spanned by antagonistic
pneumatic actuators are proportional to the antagonistic actuation
pressure, denoted pa. This design enables us to observe the effect of
modulating the stiffness of this particular subset of joints and to
showcase how this ability is useful in a real robotic system.
Further details on the simulated and real robot arm implementa-
tions can be found in the Materials and Methods.

The following subsections describe the experiments that we con-
ducted to validate the insights provided by our model on both the
simulated and the real robot arms. Experiment 1measured the com-
pliance ellipse of both robot arms. Experiment 2 measured the
range of motion of both robot arms over a set of different payloads.
Experiment 3 demonstrated the benefit of our implementation of
adjustable compliance for a manipulation task in a cluttered
environment.

Experiment 1: Characterization of compliance/stiffness
Compliance ellipse of simulated robot
The compliance ellipse as defined in (15) is the set of displacements
resulting from applying forces in the unit circle to the end effector.
We approximated the compliance ellipse by sampling over a set of
32 applied end-effector forces and recording the corresponding dis-
placement for each one. Starting from its equilibrium position given
an actuation torque of 1 Nm applied at every joint, we applied the
following set of forces (in N) to the simulated arm’s end effector

Fcomp ¼j

1
2 cosθ
0

1
2 sinθ

2

4

3

5

`

j θ ¼
π
32

n for n ¼ 0; 1; 2; . . .; 32

8
<

:

9
=

;
ð16Þ

and recorded its position after it settled into its new equilibrium.
The compliance ellipse was measured for 12 different joint stiff-

ness conditions. In each trial, the stiffness of a subset of 4, 14, or 15

Fig. 4. Schematic of soft robot arm. The soft robot arm used in our experiments consists of two modules connected by a custom 3D-printed pneumatic connector. The
arm’s spine consists of compliant universal joints made up of a series of flexures. Each flexure has a small range of motion, but, in series, they permit deformations of up to
90°. McKibben actuators oriented parallel to the spine induced bending deformations, whereas a second set arranged in a truss structure induced joint stiffening through
antagonistic actuation.
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joints per module was multiplied by a “stiffening factor” of 5, 10, 20,
or 50. The particular joints included in the subsets of 4, 14, and 15
joints are specified in table S1, visualizations of the compliance el-
lipses for these cases are displayed in Fig. 5, and a video showing
how the compliance ellipse was measured for the case when four
joints per module were stiffened by a factor of 50 is included in
the Supplementary Materials as movie S1.
Stiffness ellipse of real robot
In practice, it is difficult to apply unit forces to the end effector of a
real robot because this requires feedback control around a force set-
point. Therefore, rather than measuring the compliance ellipse di-
rectly, we characterized compliance by measuring its inverse, the
stiffness ellipse, which consists of the set of reaction forces resulting
from end-effector displacements in the unit circle.

The end effector of the real soft robot arm was affixed to the end
effector of a commercial UR5 robot arm via a three-dimensional
(3D) printed ball-and-socket joint that constrained its position
without constraining its orientation. The end effector of the UR5
traced out a circle in the xz plane with a diameter of 12 cm, while
a six-axis load cell mounted to the UR5 end effector recorded the
reaction forces imposed by the soft robot arm (see Fig. 6).

This procedure was repeated four times. In all four trials, the soft
robot actuator pressures were equal to zero, but the antagonistic ac-
tuator pressures responsible for modulating joint stiffnesses were 0,
69, 138, and 207 kPa. A video showing all four trials is included in
the Supplementary Materials as movie S2.

Experiment 2: Characterization of range of motion
The functional benefit of increasing the end effector stiffness of a
robot arm is the extent to which it increases the arm’s payload ca-
pacity. We validated this benefit experimentally by characterizing
the range of motion of our simulated and real robot arms for
several payloads while varying their joint stiffnesses.
Range of motion of simulated robot
Given a constant applied torque of 1 Nm to each of its joints, we
recorded the steady-state height of the simulated robot arm’s end
effector over a collection of 96 different joint stiffness and loading
conditions. In each trial, the stiffnesses of a subset of joints were
multiplied by a stiffening factor of 10, 20, or 50, and the end-effector
payload was set to 0, 100, 200, or 300 g. The complete list of joint
subsets is provided in table S1, and the results of the experiment are
displayed in Fig. 5. It was not feasible to include video footage of all
trials, so a video showing just the trials with subsets of 0, 4, 14, and

Fig. 5. Simulation experiment results. (A) Starting from its equilibrium position, a set of 32 forces sampled from a circle of radius 0.5 N are applied to the simulated arm’s
end effector (just two shown in left image). The resulting set of displacements form the compliance “ellipse.” As the stiffnesses of some joints were increased, the com-
pliance ellipse shrank. This effect becamemore pronounced as more joints were stiffened. (B) The maximum end-effector height was recorded given a constant torque of
1 Nm applied to all joints. The height depends on the number of stiffened joints and the magnitude of their stiffness. The red bar highlights the range of end-effector
heights over all payloads for 30 (of 32) stiffened joints, and themean is indicated by an asterisk. As the stiffnessmagnitude increased, so did themean end-effector height.
Red stars indicate data points that correspond to the configurations shown in the images on the left.
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15 stiffened joints per module given a stiffening factor of 50 and a
200 g of payload is included in the Supplementary Materials as
movie S3.
Range of motion of real robot
For the real robot case, we again consider motions only in the xz
plane and command an actuator pressure trajectory to produce a
simple 30-s lifting motion

uðtÞ ¼
½0; 20:7t; 20:7t; 0; 20:7t; 0�` 0 � t , 10
½0; 207; 207; 0; 207; 0�` 10 � t , 15

½0; � 20:7t; � 20:7t; 0; � 20:7t; 0�` 15 � t , 25

8
<

:
ð17Þ

where the ith component of u specifies the pressure in the ith actu-
ator in kPa. We tracked the position of the end effector throughout

the trajectory using a Vicon motion capture system (see Fig. 6) and
repeated for every combination of antagonistic actuator pressures in
the set {0,41,69,138,207} kPa and payloads in the set {0,100,200,300}
g (see Fig. 6). A video showing the trials for a 0 g of payload and a
300 g of payload is included in the Supplementary Materials as
movie S4.

Experiment 3: Demonstration of the benefit of tunable
compliance
A robot arm with the ability to vary its joint stiffnesses is well suited
for real-world tasks that require a combination of compliance and
strength to successfully complete. This includes a broad class of
tasks that involve navigating in an obstacle-rich environment and
applying force to the environment at the end effector. Example

Fig. 6. Real experiment results. (A) A load cell mounted to the end effector of a UR5 robot measured reaction forces while the soft robot arm’s end effector traced out a
circular trajectory. The stiffness ellipse is the set of reaction forces corresponding to displacements along the circlular trajectory. As the pressure in the antagonistic
actuators increased, so did the size of the stiffness ellipse. (B) A motion capture system records the position of the end effector under a lifting input sequence (17)
for several payloads. As the antagonistic actuation pressure increased, so did the maximum height of the end effector.
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applications include duct and pipe cleaning, search and rescue in
disaster sites, and robotic laparoscopic surgery.

To simulate the demands of this type of application, we assigned
our real robot arm the task of toggling a switch located within an
obstacle-filled environment. This task requires enough flexibility
to adapt to the geometry of the obstacles and enough strength to
overcome the resistance of the switch. A peg board with 12 pegs ar-
ranged as shown in Fig. 7 was used as a stand-in for a generic clut-
tered environment along with a custom-made switch with a
toggling force threshold of 7 N.

At the beginning of the experiment, the stiffening pressure was
set to pa = 0 kPa; that is, extra stiffness was not being added to any of
the joints. As the arm approached the peg board, it bent to navigate
the geometry of the environment. The robot lacked the sensing and
dexterity needed to completely avoid the pegs, so it relied on its
compliance to adapt its shape to accommodate the pegs. Eventually,
the end effector reached the switch but was not capable of exerting
the necessary force to toggle the switch. To remedy this, pa was set to
207 kPa, which had the effect of reducing the arm’s end-effector
compliance such that it overcame the 7-N switch toggling threshold.
Avideo of this demonstration is included in the SupplementaryMa-
terials as movie S5.

DISCUSSION
The results of experiment 1 demonstrate how increasing joint stiff-
nesses affects the task-space compliance at the end effector. Accord-
ing to our model, increasing joint stiffnesses should reduce the task-
space compliance at the end effector, and this effect should become
more pronounced as more joints are stiffened. The compliance
ellipse of the simulated robot arm confirms this relationship.
Figure 5 shows that for a given subset of joints, increasing their stiff-
ness reduces the size of the compliance ellipse, and this effect is sub-
stantially more pronounced when 15 joints are stiffened rather than
just four.The stiffness ellipse of the real robot arm also confirms the
relationship between joint stiffnesses and task-space compliance
predicted by our model. Figure 6 shows that as the stiffnesses of
the joints spanned by antagonistic actuators increased, so did the
size of the stiffness ellipse, indicating an increase in the task-space
stiffness measured at the end effector.

The measured compliance and stiffness “ellipses” do not actually
take on elliptical shapes. This is because an ellipse represents a local
linearization of the end-effector compliance; outside of a local
neighborhood of an equilibrium point, the end-effector compliance

is nonlinear. In our experiments, the end-effector displacement was
large enough to observe this nonlinear behavior.

The flattened shape of the ellipses also illustrates how the stiff-
ness is much greater in the direction perpendicular to the length of
the final link than in the direction parallel to it. This highlights one
potential limitation of modifying task-space compliance by stiffen-
ing groups of joints rather than controlling their stiffnesses individ-
ually. Although the desired decrease in task-space compliance is
achieved along the major axis of the stiffness ellipse, there is little
noticeable difference in the compliance in all other directions. Mod-
ifying the compliance in specific directions would require full actu-
ation or the ability to stiffen joints individually. This ability would
come at a cost, however, because both of these options introduce
greater complexity into the system.

The results of experiment 2 demonstrate the effect that increas-
ing joint stiffnesses has on a robot’s workspace. As predicted by the
model and shown in Fig. 3, increasing the stiffness of all joints
reduces a robot’s range of motion, but increasing a subset of
joints while leaving the stiffness of some unchanged allows the
robot to maintain a large range of motion while decreasing its
task-space compliance. As a result, the arm can lift larger payloads
when a subset of its joints are stiffened than when none or all of its
joints are stiffened.

For a given constant torque applied at all joints, increasing the
joint stiffnesses of the simulated robot arm increased the end-effec-
tor height for each payload and made the height more consistent
across payloads. As seen in Fig. 5, for a given stiffening factor and
payload, the end-effector height was largest when all but two joints
were stiffened. Averaged across all payloads, the end-effector height
was 9, 17, and 25% greater than those achieved without any joints
stiffened for stiffening factors of 10, 20, and 50, respectively. Fur-
thermore, increasing the stiffening factor reduced the range of ob-
served end-effector heights across payloads, exhibiting greater
consistency with respect to loading. This effect is consistent with
a decrease in the end-effector compliance caused by increased stiff-
ening of select joints, just as observed in experiment 1.

Similar results were observed using the real robot arm. For every
payload, increasing the joint stiffnesses resulted in an increase in the
maximum height of the end effector of 20 to 30%. Although the real
arm was unable to modify the subset of joints that would be stiff-
ened, the magnitude of the stiffness could be adjusted by modulat-
ing the pressure of the antagonistic actuators. Notably, increasing
the pressure beyond 69 kPa had little effect in the arm’s behavior,
as seen in Fig. 6. This indicates that the stiffness induced by 69 kPa

Fig. 7. Switch toggling task in cluttered environment. (A) The soft robot exploited its compliance to navigate around peg obstacles via contact, (B) but it was unable to
toggle a switch because of its large end-effector compliance. (C) After reducing its end-effector compliance by increasing joint stiffnesses, the arm was able to success-
fully toggle the switch.
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approximated the behavior of completely immobilized joints well
enough that further increases in pressure were unnecessary.

Experiment 3 highlights the utility of adjustable compliance in a
robot arm. A highly compliant system that can adapt to irregular
geometries is well suited for navigation through a cluttered environ-
ment, but toggling a switch with a nontrivial force threshold is more
easily achieved with a rigid arm with low end-effector compliance.
Thus, performing this task would be challenging, or outright infea-
sible, with a fully-soft underactuated arm or a rigid fully actuated
arm. However, because our robot arm had the capability to actively
tune its compliance, it was able to successfully execute both parts of
the task.

Our hardware experiments demonstrate the practical benefit of
adjustable compliance and the feasibility of implementing this ca-
pability via antagonistic actuation. This design approach could lead
to much more capable soft robot arms in the future by increasing
their payload capacity without sacrificing their ability to use com-
pliance to navigate in obstacle-rich environments and to safely in-
teract with humans and delicate objects. Furthermore,
improvements on this design that allow for tuning the stiffnesses
of individual joints rather than just large groups of joints would
enable control of both the size and the orientation of the compliance
ellipsoid for tasks that demand larger compliance in certain direc-
tions than others. The arm’s performance could also be improved
by reducing its weight to mitigate the effect of self-loading. This
could be achieved by using lighter materials or by tapering the
arm diameter and mass along its length. In addition, pneumatic ac-
tuation is not practical for all applications, so alternative actuation
and stiffening technologies could be explored, such as dielectric
elastomer actuators (55, 56), twisted string actuators (57, 58), and
cable-driven approaches (35, 59).

In this paper, we presented a modeling approach for soft under-
actuated robot arms that describes the relationship between actua-
tion pressures, force, joint stiffnesses, and end effector compliance.
We used this model to show how it is possible to increase their
payload capacity just by tuning the stiffnesses of a subset of
joints. We verified these model predictions in simulation and on
a real robot arm and demonstrated a way to actively modulate
joint stiffnesses in hardware through antagonistic actuation.
Future work should explore other methods of active joint stiffening
and task-specific control of joint stiffnesses to further improve the
performance of soft and underactuated robots.

MATERIALS AND METHODS
Simulated arm design
We constructed a planar robot arm in simulation to validate the in-
sights of the analytical model described in Results. This simulated
arm allowed us to individually vary the stiffness of each joint for an
arm with a large number of short rigid links per actuator, which
would be difficult to achieve with a physical robot. The arm was im-
plemented using the SoMoGym (44) and SoMo (43) frameworks,
which rely on the PyBullet physics simulator (54) to achieve dynam-
ically realistic simulations.

The arm consists of two individually controlled segments with a
length of 240 mm and a mass of 300 g connected in series. Each
segment consists of a chain of 17 links connected by 16 joints
with passive stiffnesses of 300 Nm. A rigid end effector with a

length of 160 mm and a mass of 200 g was mounted to the distal
end of the second actuated segment.

Real arm design
To validate the relationship between joint-space compliance, task-
space compliance, and payload capacity predicted by our model and
exhibited in simulation, we constructed a real robot arm with the
ability to markedly increase the stiffness of a subset of its joints
using an antagonistic actuation scheme.

Similar to the simulated arm, the real arm consisted of two indi-
vidually controlled segments with a length of 240 mm connected in
series. Each segment consisted of a chain of compliant joints that
comprised a central “spine” and was actuated by three McKibben
muscles spaced evenly around the spine at a radius of 22 mm. A
second set of McKibbenmuscles was arranged in a radially symmet-
rical “truss structure” (see Fig. 4). When actuated, these McKibben
muscles compressed the spine and pulled against one another, in-
creasing the stiffness of the joints they surround. Essentially, the
spine and truss actuators together formed a tensegrity structure
that then approached the behavior of a single rigid link as the pres-
sure in the truss actuators increased.

A rigid end effector composed of a 160-mm-long clear polyvinyl
chloride pipe with a mass of 200 g was mounted to the distal end of
the second actuated segment. Such a long end effector was chosen to
amplify small changes in orientation of the distal end of the second
actuated segment by converting them to larger changes in displace-
ment. This served to increase the robot’s workspace and make the
effect of stiffening its joints easier to observe. The following subsec-
tions highlight several of the key features of this design and describe
them in more detail.

Compliant universal joints
Our spine consisted of a chain of compliant flexure-based universal
joints that permit motion about the x and y axes while resisting
motion about the z axis (see Fig. 4). Each universal joint consisted
of a series of four alternating flexures about the x and y axes, respec-
tively. Although each flexure has a small range of motion (15° to
25°), collectively they enable deformations up to 90°. The joints
were 3D printed on a Prusa MK3S+ out of FilaFlexible40 filament,
a thermoplastic with hardness 40D.

Spine stiffening through antagonistic actuation
Antagonistic actuation consists of two or more actuators acting on a
joint in such a way that in a given configuration, the net joint torque
cancels out to zero. The configuration of the joint remains un-
changed, but its stiffness increases because any externally applied
force must work against one or more of the actuators to induce
motion at the joint. Animals and humans often use antagonistic ac-
tuation to control the stiffness of their joints (60), and the approach
has commonly been adopted in soft robotic systems as well
(61–63)].

We used McKibben muscles to provide antagonistic actuation
and increase the stiffness of a subset of the robot arm’s joints.
McKibben actuators have a limited range of motion, typically dis-
playing contraction ratios of only 20 to 30% (21, 53); thus, they
impose restrictions on a joint’s range of motion when coupled to-
gether. We desired the McKibben actuators to be arranged so that
they induce stiffening when active but exert minimal restrictions on
the motion of joints when they are inactive. To that end, they were
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symmetrically arranged in a truss pattern around the spine (see Fig.
4). Arranging them in a truss pattern rather than parallel to the
arm’s spine enabled larger joint deformations for a given change
in McKibben length.

This can be seen by considering one section of the truss pattern,
which is a right triangle with height h equal to the distance between
spine disks and hypotenuse m equal to the length of McKibben
spanning it (see Fig. 4). It follows from differentiating the pythag-
orean theoremwith respect to h that a virtual change in the height of
δh corresponds to a virtual change in the hypotenuse of only
δm ¼ h

m δh , δh. This means that the distance between spine
disks can change more than the length of the McKibben changes.
As a consequence, the joints have a larger range of motion than
they would if the McKibben actuators were arranged parallel to
the spine (in such a case, δm = δh). An additional benefit of the
truss arrangement is that it provides antagonistic stiffening in the
roll, pitch, and yaw axes rather than just the roll and pitch axes.

Fabrication of actuators and connectors
Each McKibben muscle actuator was composed of an airtight
bladder made from a sheet of thermoplastic polyurethane (Stret-
chlon 200 bagging film) wrapped in polyester fray–resistant expand-
able sleeving. The internal McKibben actuators used sleeving with
an inner diameter of 19 mm (McMaster-Carr, item no. 2837 K75),
and the antagonistic Mckibben actuators used sleeving with an
inner diameter of 13 mm (McMaster-Carr, item no. 2837 K74).
The ends of the McKibbens were secured using worm-drive hose
clamps (McMaster-Carr, item no. 5011 T141).

The spine disks were laser-cut from an acrylic sheet with a thick-
ness of 6 mm, and the pneumatic connectors betweenmodules were
3D printed out of polylactic acid using a Prusa MK3S+. Computer-
aided design files for the spine disks and pneumatic connectors can
be accessed using the following DOI: 10.5281/zenodo.8256878.

Supplementary Materials
This PDF file includes:
Methods
Table S1

Other Supplementary Material for this
manuscript includes the following:
Movies S1 to S5
Data file S1
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