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Abstract— Various robotic applications including surgical
instruments, wearable robots and autonomous mobile robots
are often constrained with strict design requirements on high
degrees of freedom (DoF) and minimal volume and weight.
An intuitive design to meet these contradictory requirements
is to embed locking mechanism in under actuated robotic
manipulators to direct the actuation from a single and remote
source to drive different joints on demand. Mechanical clutches
do serve such purposes but often are bulky and require auxiliary
mechanism making it difficult to justify the high cost adding
the additional DoF, especially in cm scale.

Here, we introduce an under-actuated robotic arm with
shape memory polymer (SMP) joints. Through controlling
the temperature, the stiffness of the joints can be adjusted
and selected joints will be activated while the rest are fixed
in their position. The presented prototype can control the
joints independently with a coupled actuation from two stepper
motors. Since we have redundant DoFs in the arm, there can be
more than one configuration to reach a given position. We use a
probabilistic technique to determine the optimum configuration
with the minimum number of active joints that can yield the
desired posture. In this paper, we report on the performance
of the proposed design for the hardware and the configuration
planner.

I. INTRODUCTION

As the application of robots expands in demanding fields

such as in vivo surgical tools as active catheters and endo-

scopes [1], [2], exploration robots [3], and dexterous robotic

manipulators [4], the need for embedding more degrees of

freedom (DoF) while maintaining minimum mass and size is

emerging. Cable-driven mechanisms are the prevailing solu-

tion to remove the actuators from the joint area [5] in order to

miniaturize the manipulator. But in these systems, the overall

size and weight of the robot would still be high since the

same components are merely placed elsewhere. Moreover,

the complexity of fabrication and operation confines number

of DoF.

A method to reduce the number of points of actuation

while keeping the same work space is to direct the energy

from a single point of actuation to a desired set of joints (or

a single joint) by locking in place all the rest. Previously,

this method was proved to be effective in expanding the

work space in an under actuated mechanism that exploits

external constraints to selectively fix the joint state in an

under actuated arm [8].
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Fig. 1: A four DoF under actuated robotic arm with two stepper motors that
actuate different joints through tendons that run along the arm. Each of the
four joints can be activated on demand when the embedded heaters in SMP
layers are turned on.

Conventional locking mechanisms for directing the actua-

tion to different joints and segments in robotic systems have

already been proposed including mechanical locks such as

hydraulic cylinders and solenoid valves [9] and mechanical

latching [1]. More novel methods such as jamming effect

for locking robot’s segments has also been studied [10],

[11]. Beside the reduced weight and drive simplicity, another

advantages of using lock mechanism is the possibility of

fixing different joints and segments of the robot in a desired

state which increases the load bearing capacity. The main

disadvantage of the proposed methods is the complexity of

the locking mechanism. For jamming and hydraulic locking,

this comes from the auxiliary equipment. Difficulty with

tubing in a system with large number of DoF is another

challenge in these robots. For mechanical latching, designing

and operating the lock mechanism to prevent blocking is the

main challenge to make a system with large number of DoF.

In this research, we introduce a locking method for joints

based on mechanical property change in robot’s body using

functional materials. Different methods for controlling stiff-

ness of different segments of the body using phase transition

in materials have been proposed including: solid to liquid

transition in low melting point metals [12], phase transition

in wax [13], and glass to rubbery state transition in polymers

[14]. Here, based on ease of fabrication and scalability, we

designed a locking mechanism that uses glass transition in

polymers. Elasticity modulus of polymers drop orders of

magnitude over their glass transition temperature (Tg). By

embedding the heaters inside the polymer layer, we can con-

trol properties of different segments of a polymeric sheet and



direct the actuation to the desired joints. Compared to other

methods such as mechanical methods and jamming, using

this locking mechanism results in a simpler system which is

more suitable for miniaturization. Eventually, by controlling

the temperature in increments, we would also be able to

control the modulus of elasticity of the material and hence

joint stiffness continuously instead of having only two states,

active or inactive. To have a controlled shape in the rubbery

state, we decided to use shape memory polymer (SMP) [15]

as the material with adjustable modulus of elasticity. Com-

pared to normal polymers, these are engineered to have better

cross-links which enables them to recover the deformation

in their rubbery state (high temperature) and return to their

memory shape with higher repeatability. Compared to the

more common approach where the functional materials are

used as actuators in robots to reduce the size and weight [2],

[6], [7], in the method studied here, we mainly exploit the

mechanical property change in the material.

In systems with redundant DoF, we can have different

configurations for reaching a desired tip position. In the last

three decades, a variety of algorithms based on numerical

[16], [17] or analytical [18] methods have been proposed to

use redundancy for minimizing a desired cost function; such

as torque or velocity in joints. In our case however, based on

the actuation method of the robot (at this point we activate

only one joint at a time) the problem is optimizing a function

with continuous and discrete parameters. Minimizing the

number of joints that need to change their angle for reaching

a given position is the optimization problem we will try to

solve here. One possible solution is to formulate the problem

as a discrete optimization problem. This method requires

significant computational power for computing the solution

online and moreover the convergence is highly dependent

on the initial guess. Instead, this optimization can be treated

as a classification problem. By locking a specific joint the

workspace of the robot changes. We train a set of probalistic

models to represent the distribution of achievable postures

(workspace) for each set of active joints. We then determine

the minimum number of joints needed by comparing the

likelihoods of the presence of a desired position in different

models. Then, the inverse kinematic is solved by considering

only the active joints to determine the final configuration of

the robot.

The main contribution of this work is the introduction of a

lock mechanism to direct the central actuation to the desired

joint in an under-actuated robotic system. The proposed

active locking mechanism works based on the principle of

adjusting the stiffness of an SMP layer. In what follows, the

working principle of the robot, the design of the adjustable

stiffness layer, and its fabrication process is presented. We

will characterize the adjustable stiffness layer and estimate

the stiffness of the joint in active and inactive states. Also,

an algorithm is introduced to find the optimum configuration

for joints to reach any point in the work space of the robot.
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Fig. 2: The working principle of the under actuated robotic arm. a) Tendons,
that are driven by two stepper motors, can actuate each of the 4 folding areas
based on their stiffness. b) By activating the second fold while keeping the
rest of the folding areas stiff, we are able to direct the actuation to the
desired joint.

II. UNDER ACTUATED ARM WITH ADJUSTABLE

STIFFNESS JOINTS

The goal of this research is to maximize the number of

DoF and the work space span with minimum number of

actuators (one independent input), by introducing a lock

mechanism that can activate DoFs on demand. To do this, we

use temperature dependent elastic properties of polymers for

making lockable joints in an under actuated robotic arm. The

material we use is SMP with glass transition temperature of

55 °C (MM5520 from SMPTechnologies [15]). Above this

temperature, the polymer changes its modulus of elasticity

by 2 orders of magnitude. This is enough for changing the

point of actuation in the robotic arm by selectively locking

and unlocking joints. We use shape memory polymer to

have a fixed shape for the polymeric layer above its tran-

sition temperature and hence more repeatable results. Fig. 1

presents a robotic arm which uses this locking mechanism.

In this design, we have four DoFs that can be activated by

changing the temperature of the SMP layers. Two stepper

motors pull (or release) the tendons that actuate the active

joint. In what follows, the working principle of the robot,

the fabrication process, and characterization results for the

adjustable stiffness elements are presented.

A. Working Principle

The schematic of the robotic arm depicting its working

principle is presented in Fig. 2. Each joint is composed of a

revolute joint and two layers of SMP with embedded heaters.

We use two stepper motors for actuating different joints.

A tendon transmits the actuation to the joints as presented

in Fig. 2a. The stiffness of the joints can be adjusted by

controlling the temperature of the SMP layers to direct the
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Fig. 3: Each joint consists of a revolute joint, 2 SMP layers and 2 tendons.
(a) shows the joint in its initial state and (b) presents the folded state. In
the folded state, the layer in compression collapses (buckles) and the layer
in tension stretches.

actuation from the motors to a desired joint as presented

in Fig. 2b. Assuming the one points of actuation (stepper

motors) as the input and the position of the four joins as the

output, the arm presented in Fig. 2 is considered as an under

actuated mechanism throughout this paper.

The SMP layers were designed to be thin (500μm) in order

to speed up the activation of the folds. To acquire a large

enough moment of inertia in the joints, these thin sheets were

placed at a distance from the neutral plane. Fig. 3 presents a

more detailed schematic of a single joint as it is actuated. In

the active fold, the SMP layer in compression would buckle

under load and the other layer would stretch. The force in

these two layers make the resisting moment in each joint.

To evaluate the moment in each joint from the force data for

the SMP layers, we have:

M(θ0,δθ ,T ) = Ft(θ0,δθ ,T )
ts
2
+Fc(θ0,δθ ,T )

ts
2

(1)

In (1), M(θ0,δθ ,T ) is the moment required for changing the

angle of a joint δθ around its initial state θ0. Ft(θ0,δθ ,T )
and Fc(θ0,δθ ,T ) are the forces in SMP layers in tension and

compression, respectively. All of these are dependent on the

initial position of the joint (θ0) and the temperature of the

SMP layers (T ) (in this study, we considered joint properties

at room temperature and 80 °C which are bellow and above

the transition temperature, respectively). As presented in

Fig. 3a, ts is the distance between the joint axis and the mid

section of SMP layer. Using (1), we can estimate the joint

stiffness from the test data on the SMP layers. We chose this

approach, instead of directly testing joint’s bending stiffness,

since such measurements can be used later in design process

for making a joint of a certain stiffness. Moreover, this

approach provides a better insight on the parameters affecting

joint’s stiffness. Assuming that the force in the SMP layers

is solely a function of their length (governed by the distance

between the anchoring points), for the joint stiffness we have:

Kbend =
∂M
∂θ

=
∂Ft

∂Lpt

∂Lpt

∂θ
ts
2
+

∂Fc

∂Lpc

∂Lpc

∂θ
ts
2

(2)

In (2), Lpt and Lpc are the length of the polymer layers

in tension and compression, respectively. For the layer in

tension we have:

Lpt = Lp0 +
(ts)
2

θ (3)

In (3), Lp0 is the initial length of the polymer layer. Lpt is

different from anchoring point distance since the deformation

of the layer is confined by the joint shape as presented in

Fig. 3. Differentiating with respect to θ we have:

∂Lpt

∂θ
=

(ts)
2

(4)

Under compression, the SMP layer buckles and the dis-

placement would cause the buckled arms of the SMP layer

to bend. Nonetheless, the force in this layer is a function of

the displacement of the two ends that are anchored on the

tiles (though this displacement does not translate to in plane

stretch and compression of the SMP layer). From Fig. 3 this

displacement can be evaluated as:

Lpc = Lp0
cos(αp +θ/2)

cos(αp)
(5)

αp is dipicted in Fig. 3. Differentiating with respect to θ
we have:

∂Lpc

∂θ
=−Lp0

sin(αp +θ/2)

2cos(αp)
(6)

We use (2), (4), (6), and characterization results to estimate

the stiffness of the joints. Another relationship we need is the

length of the two tendons as a function of the bending angle.

As mentioned, we have two stepper motors for actuating

the robot but at each moment the tendon that is pulled

is what drives the arm and the other motor turns with a

speed dependent on the speed of the first motor to provide

the excess length needed for the second tendon. Based on

Fig. 3b, for the tendon on the compression side of the arm

(the driving tendon), we have:

Lwc = Lw0
cos(αw +θ/2)

cos(αw)
(7)

And for the tendon on the tension side (the follower

tendon), we have:

Lwt = Lw0
cos(αw −θ/2)

cos(αw)
(8)

The rotation angle of each motor then is calculated as:
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Fig. 4: Fabrication process of the SMP layer with embedded heater. For clarity, the dimensions in the schematics are not to scale. (a) A serpentine path,
which makes the heating element, is cut through the etchant resist layer. (b) The mesh structure, which makes the heater stretchable and the outline of the
heater is cut through all layers. (c) The Inconel in the exposed areas is etched and the etchant resist is cleaned. The red line shows the conductive path of
the heater. (d) The heater is sandwiched between 2 SMP layers. (e) High temperature and pressure form the SMP layers around the heater. (f) The outline
of the module is cut and its ready for assembly. (g) The fabricated heater in its initial and stretched states.

Θmotor =
ΔL

Rsha f t
(9)

In which ΔL is the tendon length needed to be pulled or

released by each motor and Rsha f t is the diameter of the shaft

around which the tendon is turned.

B. Design and Fabrication of Arm with Adjustable Stiffness
Joints

The main body of the robotic arm is 3D printed and

assembled with the SMP layers and stepper motors to make

the device presented in Fig. 1. The stepper motors have 64

steps per revolution. With 64 times reduction in its gear

system, it provides accurate enough position control. The

main component in the present design is the adjustable

stiffness SMP layer with embedded heater. Because of the

low thermal conductivity of the polymer, we need to have the

heaters embedded inside the adjustable stiffness layer. So we

need a heater that can endure repeatable large deformations

without loss of functionality. To make the heating elements,

we used Inconel Polyimide laminate (20μm Inconel and

50μm Polyimide). First, we cover the surface of the metal

with etchant resist. Then, a serpentine pattern that makes a

long path (to increase resistance) is cut on the Inconel and

the resist without cutting through the Kapton layer (Fig. 4a).

By etching the metal in the exposed parts at this stage we

would get the unstretchable heaters introduced previously in

[7]. Here, we cut a mesh structure, which makes the heater

stretchable through all layers, along the serpentine path.

Fig. 4b presents the heater at the end of this process and after

cutting its outline. Next, Inconel along the serpentine path is

etched away in etching tank and the etchant resist is cleaned

in an acetone bath. Since the power required for cutting

the metal layer is much higher than what is required for

the Polyimide layer, processing the heater by burning away

the metal without cutting through Polyimide is not possible

and using the wet etching process is necessary to make the

serpentine path. Fig. 4c presents the heater in its final form

and the electric current path. Fig. 4g presents the fabricated

heater in its initial state and when it is stretched to more that

twice its initial size without loosing conductivity. There are

some additional details in the design which are omitted in

the schematics to avoid confusion. One is the gaps at the two

end of the heater and in the middle (Fig. 4g). We have added

these gaps to the design to ensure that the embedded heater

would move with the SMP layer and prevent delamination.

Another detail is the outer frame of the heater in its initial

state. This frame is designed to prevent deformation during

the integration process which is explained shortly. After

integration, the outer frame is cut and the module will be

stretchable.

After preparing the heater, wires are connected to its

terminals and it is pressed between 2 layers of SMP (each

500± 50μm thick) in a heat press at 160 °C (Fig. 4e) for

15 minutes. We used two spacers, each 500μm thick, to

control the overall thickness of the heater embedded SMP

layer. As mentioned, the solid frame of the heater is designed

to keep it from deformation under pressure in this step.

After integration, the outline and the mounting holes are cut

(Fig. 4f) and the SMP layer is ready for assembly.

C. Adjustable Stiffness Module Characterization

Due to the residual strain, the deformation of the SMP

layer in the robotic arm is more complicated than simple

elongation and contraction (it is a combination of buckling

and bending). Because of this, we first need to characterize

the adjustable stiffness layer to be able to estimate the stiff-

ness of the joints (using the material properties to estimate



the stiffness would be rather complicated). In this research,

we characterized the adjustable stiffness modules in two

states: first, at room temperature and second, at 80 °C. The

element was heated by passing current through the heaters

embedded in the adjustable stiffness modules (Fig. 4f). We

characterized the elastic behavior of the adjustable stiffness

layer in tension (∂Ft/∂Lpt) and compression (∂Fc/∂Lpc).

Later, using this result and (2), we evaluate the joint stiffness.

To characterize the linear stiffness of the heater embedded

SMP layer, we used the same geometry as would be used in

the arm. The tests were carried out in a C42 universal testing

system from MTS. As mentioned, the stiffness of the layer

is a functions of the the initial shape and temperature. In

the characterization tests, the sample was heated by passing

current through the embedded heater. The temperature is

monitored by a thermal camera (FLIR A35) and the heating

power was set to achieve the mean temperature of 80

°C on the SMP layer to ensure that it has surpassed the

glass transition temperature. To characterize the stiffness in

different initial deformations, we deformed the SMP layer

while it was in rubbery state (high temperature) to a given

initial displacement and performed the tensile tests around

the initial displacement in glassy and rubbery states. Fig. 5

presents the results of this test.

In the region where the SMP layer is in the buckled state

at its initial deformation, the stiffness of the layer both in

compression and tension is lower compared to the points

where SMP layer is straight. In points with initial buckled

shape, the displacement causes bending in the SMP layer

which requires much less energy compared to stretching or

compressing the layer in its plane. This explains the higher

stiffness in positive initial displacements in Fig. 5 where

the SMP layer is straight. Due to the shape memory effect,

after each stretch, the SMP layer recovers the deformation

when it goes back to no displacement point at rubbery state.

But some residual deformations will remain which makes

the initial buckled shape in the layer not only in negative

displacements but also at zero and some positive values. Most

of the unrecoverable deformation happens in the first cycle
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Fig. 5: Linear stiffness of SMP layer in different initial deformations. This
plot presents the stiffness of the SMP module in tension and compression in
inactive and active states. The stiffness changes by order of magnitude when
the polymer enters the rubbery state. Using this, we can activate joints in the
under actuated arm on demand. The stiffness in compression is presented
with negative sign for better illustration.
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Fig. 6: Joint stiffness in active and inactive states as a function of the
bending angle. This is estimated from the linear stiffness test results. Using
the stiffness change between rubbery and glass states in polymers, we can
activate joints on demand.

of loading. In Fig. 5, the test results for a sample after 10

cycles of loading, when the layer has reached a rather stable

state, is presented.

Using these test results and according to (2), joint’s

stiffness is estimated and presented for different bending

angles in Fig. 6. The considerable stiffness change in the

whole range of motion between enabled and disabled states,

presented in this figure, makes it possible to disable different

joints in the robotic arm on demand. It would be possible to

get more uniform stiffness in the joints by overloading the

SMP layers in a higher displacement compared to the normal

working range in the initial cycles. This results in larger

residual deformation in the SMP layer and gives the buckled

shape to the SMP layer throughout its working range. In this

way, we will remain in the rather flat range of the stiffness

graphs in Fig. 5). This and other methods for forming the

SMP layer to get more uniform joint stiffness will be studied

in future.

III. CONFIGURATION PLANNER

In the four DoF arm introduced, we can have more

than one configuration to reach a desired goal position.

Among these, the most time efficient is the one that uses

the minimum number of joints, considering that the activa-

tion/deactivation of the joints is the most time consuming

part of the process. Finding this configuration requires the

solution of two complex problems.

1) Determining the active joints.

2) Solving the inverse kinematic by considering only the

predefined active joints.

To determine the active joints, we need to model robot’s

reachable space (RD ∈ R
d) and its joint configuration

(
[
θ1 . . . θn

]T ∈ R
n). To do this, we simulate a subset of

the possible motions of the robot by testing systematically

the displacements of its joints. For the under actuated robot,

we sample uniformly1 its displacement, which yields 184

feasible tip positions. The number of the extended workspace

models is N =
n−1

∑
i=0

(n
i

)
; where the extended configurations

1Eighteen slices for each joint



Algorithm 1 Finding the minimum active joints for reaching the desired
tip position

Offline
Learning phase: Constructing the extended workspace models

P0(η |π0,μ0,Σ0), Training data set= T0

For i:1 to N
Pi(η |π i,μ i,Σi), Training data set= Ti

End

Online
Planning phase: finding the minimum active joints

Solution =False
Θ = /0
For i:1 to N

If P0(RD|π0,μ0,Σ0)> P0
min

For i:1 to N
If Pi(Ri

B|π i,μ i,Σi)> Pi
min and Solution ==False

Solution =True

The inactive joints are Θi

End
End

ELSE
The desired point RD is not in the workspace of robot.

End
End

corresponding to each model are defined as follows:

ηi =
[
RD Θi

]T ∀i ∈ {0,1, . . . ,N } (10)

Θ0 =
[ ]T

Θ1 =
[
θ1

]T
. . . Θn =

[
θn
]T

Θn+1 =
[
θ1 θ2

]T
. . .

...

ΘN =
[
θ1 . . . θN

]T

(11)

We model the density distribution of the tip positions and

the joint configurations using GMM models (Pi) [19].2 The

trained models Pi is defined as follows:

Pi(ηi|π i,μ i,Σi) =
Ki

∑
i=1

π iN(ηi|μ i,Σi) (12)

In fact P0 is the model of the reachable space for arm’s tip

when all the joints are active and Pi ∀i ∈ {1, ...,N } are the

representative of the reachable space when Θi are inactive

and fixed to the given configuration. In (12), π i,μ i,Σi are the

parameters of ith Gaussian and correspond to the prior, mean,

and covariance matrix, respectively. N(η |μ i,Σi) is normal

distribution. Expectation maximization (EM) [20] algorithm

is used for calculating these parameters. If Pi(ηi|π i,μ i,Σi)
exceeds a reachable space threshold Pi

min, a given desired

point RD is in the reachable space of the robot when Θi
are locked at the given configurations. Pi

min is set at the

one standard deviation from the expectation of the training

data points in (12). Algorithm 1 summarizes the complete

procedure for determining the optimal number of joints for

reaching a desired point.

2The number of Gaussian are determined using BIC criterion. For exam-
ple, the reachable space model (P0(η |π0,μ0,Σ0)) consists of 31 Gaussians.

Algorithm 2 Solving the inverse kinematic by using the active joints

Initialization Construct the Jacobian matrix:
For i:1 to n

If i th joint is active

Ji = J[i, :] ∈ R
d

Else

Ji = [0] ∈ R
d

End
End

JDisired =
[
J1 . . . Jn

]

J+ = JT
Desired(JDesiredJT

Desired)
−1

Inverse Kinematic solution:
j = 1
While δ ≤ ‖RD −RC‖

θ̇ [t j+1] = J+(RD −RC)
θ [t j+1] = θ [t j]+Δtθ̇ [t j+1]
RC = F(θ [t j+1])
j = j+1

End

In the second step, inverse kinematic of the arm with

just the active joints is solved to determine the proper

configuration as presented in Algorithm 2. In brief, in this

algorithm, the first-order inverse differential kinematics is

used for solving inverse kinematic [21]. The redundancy

resolution is solved at the velocity level. In Algorithm 2,

J ∈ R
d×n is the Jacobian matrix and J[i, :] means the ith

column of the Jacobian matrix. Δt is the time step and δ
is a small positive number. F : Rn →R

d is a known forward

kinematic function for the robot. The plus + notation is used

to define its generalized Moore-Penrose pseudoinverse.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

In the previous sections, the design of the under-actuated

arm with adjustable stiffness joints and an algorithm to find

a configuration to reach different points in its work space

was introduced. In this section, we report the result of the

experiments on this under-actuated arm. As the first test,

we chose a configuration of the robot with three joints at

the defined joint limit (45°). The SMP components in the

joints were successfully tested for deformation up to 90°.

The limitation on the joint angle is imposed by the design

of the joint and the driving tendon which in larger bending

angles gets trapped in the material around the rotation axis.

This can easily be solved in the future by changing tw in

Fig. 3 to expand the work space. Fig. 7 presents the actuation

sequence of the arm to reach the first test point. In each

step, the SMP modules of the active joint are heated to

make that joint complaint. Fifteen seconds was allocated for

deactivation of the previously active joint and heating the

SMP elements of the new active joint. The error in arm’s

tip positioning is mainly due to the tolerances forced by the

3D printer, errors in assembly, and the small deformation of

the joints which are locked. The accuracy can be improved

by revising the design but eventually feedback from the

joint angles is necessary to get more repeatable and accurate

motion.

The second test was designed to reach a point in the work
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Fig. 7: Position control of the under actuated arm. The shadowed area in the background shows the work space of the arm (considering 45°joint limit).
a) The goal position is [-26 44] mm which is accessible by moving all four joints with the angles [30 45 -45 -45]. A, B, C, and D present the desired
tip position at the end of each step. (b), (c), (d), (e) Shows first, second, third and forth joints reaching their desired orientations. (Refer to the 1st desired
point video in supplementary data)

space which is reachable with different configurations ([-

21 51]mm). The planner suggests that it is reachable with

motion of only 2 joints (proposed joint configuration is [0 0

35 19]). As presented in Fig. 8, other configurations for the

arm using more DoFs are also possible for reaching the same

position (as an example [-10 43 -19 39] is a configuration that

reaches the same point using all 4 joints). But by choosing

the configuration that requires the minimum number of active

joint, the algorithm presented in Section 3 suggests a more

time efficient configuration.

V. CONCLUSION AND FUTURE WORK

We showed a practical application for modulus of elasticity

change in SMP around its glass transition temperature for

controlling the stiffness of joints in an under-actuated mech-

anism. The usage of SMP in meso-scale robotic applications

faces challenges such as embedding heating component in

the robot. For this prototype, we proposed a design based on

a thin SMP layer with an embedded metallic heater as the

adjustable stiffness component. This integration of the micro-

heater and SMP layer confirmed 16-150 times decrease in

the joint stiffness over the glass transition temperature of

the polymer. As pointed out, this ratio highly depends on

the initial displacement of the layer. This change of material

property is well utilized to lock three joints in a four DoF

arm to direct the input from stepper motors to the only active

joint at each moment. To find the optimum configuration to

reach different goal positions, we trained Gaussian mixture

models for different cases where different combinations of

(a) (b)

Fig. 8: Two trajectories and configurations for the arm to reach the same
goal position[-21 51]mm. The joint angles are (a) [0 0 35 19] for the case
where only the third and the fourth joints are active and (b) [-10 43 -19
39] when all joints are active. (Refer to the 2nd desired point video in
supplementary data)

joints were used. Then, for any given goal position, using

the probability of its presence in each model, the planner

decides on how many joints it would need and by solving the

inverse kinematics problem for those joints, finds the desired

configuration. We have demonstrated position control of all

the joints and the tip of the device, using the proposed joint

locking mechanism.

Despite the discrepancies in the prototype and assembly,

the open-loop control showed promising results. The imme-

diate future step for the adjustable stiffness joints are to get

direct feedback from joint angles for more accurate position

control. We will also revisit the joint design to have more

uniform stiffness throughout the range of motion. Another

topic for future studies is the possibility of stiffness control

in increments to activate more than one joint to different

degrees at the same time.
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