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Contact Detection and Manipulation With a
Shape-Memory Alloy Based Soft Gripper

Louis Plottel , Graduate Student Member, IEEE, Richard Desatnik , Dinesh K. Patel , Philip LeDuc,
and Carmel Majidi

Abstract—Soft robotics offers the opportunity to create dexter-
ous machines that can safely handle delicate objects. Grippers
made from deformable actuators and compliant materials can
deform around the objects with which they come in contact. The
continuum mechanics of flexible manipulators can be leveraged
for safe manipulation tasks such as twisting and grasping during
manufacturing. However, to achieve this goal, contact sensing and
controls for manipulators in these soft systems still remain a chal-
lenge in the field. This letter demonstrates a shape-memory alloy
actuated soft gripper, with each finger able to bend about multiple
axes. This enables the soft gripper to perform twisting tasks and
handle various and fragile objects. Using capacitive bend sensors,
we also demonstrate that the measured impedance of motion can
be used as a proxy for contact, greatly increasing performance in a
delicate manipulation task.

Index Terms—Dexterous manipulation, soft robotic applica-
tions, soft sensors and actuators.

I. INTRODUCTION

S INCE the turn of the millennium, interest in soft robotic
hands has grown significantly due to factors including sim-

plified control, increased robustness to environmental impacts,
and improved safety in human-robot interaction [1]. Robotic
hands can incorporate soft components in various ways, in-
cluding rigid hands with compliant padding, hands with de-
formable joints and rigid links, and hands that are continuously
deformable [1], [2]. Continuous deformability, where there is
no distinction between joints and links, can offer advantages in-
cluding enhanced adaptability to the environment and simplified
fabrication. Among continuously deformable hands, common
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actuation methods include fluidic (pneumatic or hydraulic) [2],
[3], [4], tendon-based [5], shape-memory material based actu-
ation [6] and stiffness with and without shape memory mate-
rials [7], [8]. While fluidic soft grippers are already found in
industrial applications [9], [10], they contain drawbacks includ-
ing weight and bulk due to fluidic control mechanisms such as
pumps and valves [11], [12]. Tendon-based actuation contains
an analogous drawback in the requirement of motors needed to
pull the tendons [12], [13].

Shape memory alloys (SMAs) present an appealing solu-
tion for use in robotics because their high power-density and
potential for simple actuation can significantly reduce weight
and bulk [11], [14], [15]. SMAs are a class of materials
that experience a reversible transition between a low-stiffness,
low-temperature martensitic phase and a high-stiffness, high-
temperature austenitic phase [15], [16]. Further, they possess a
“shape-memory” property where they return to a preset geome-
try when heated above the austenitic transition temperature [15].
Since SMAs are conductive, they can be easily heated via
resistive (Joule) heating by applying a current. By embedding
shape memory alloys in a deformable structure, roboticists have
used the shape memory property of this class of alloys to actuate
various robots, including robot hands [6], [12], a brittle star [17],
[18], an agile crawler with multistability [19], an amphibious
robot [20], and a rhombiferan robot [21]. Despite clear advan-
tages in weight and size, control of SMAs is challenging and is
an ongoing area of research [22], [23], [24].

Soft robotic grippers actuated by SMAs have been used pre-
dominately in grasping tasks. For example, in [12] the research
team built a gripper based on the human middle finger, index
finger, and thumb, and in [25] the group demonstrated how an
SMA gripper combined with a gecko-inspired contact surface
could pick up a variety of objects with different material prop-
erties. Another application of SMA grippers has been testing
stretchable sensing skin with machine learning to determine
contact [26]. In our work we demonstrate the further potential
for this form of actuation to be used in twisting tasks based on
position information alone.

One promising approach to control of continuously-
deformable SMA-actuated robots is closed-loop feedback con-
trol. In [27], a capacitive bend sensor was used in conjunction
with a simple “bang-bang” controller to oscillate an SMA-
powered actuator within a 0.01 cm−1 curvature change. [22],
[28] use a capacitive bend sensor to monitor the position of
continuously-deformable, SMA-actuated robot limbs. In [29], a
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Fig. 1. (a) The hand is mounted to a robotic arm. Each of the three fingers contains four shape-memory alloy (SMA) actuators and one multi-axis bend sensor.
(b) Fingers are manufactured by (i) injection molding the finger body, (ii) inserting pre-trained SMA coils, (iii) electrically connecting the SMA coils to a central
power line, (iv) molding the base and tip onto the finger (c) A waypoint controller is used to unscrew a nut. (d) A contact detection algorithm is used for fine
manipulation tasks such as manipulating a bottle cap.

low-cost hall-effect sensor system is used with a PID controller
to successfully follow a trajectory. [30] uses a resistive bend
sensor to measure bending in a pneumatically-actuated soft
limb. Further, comparison of bending responses under free and
constrained movement is used for simple contact detection. In
this work, we build on the advancements discussed above in soft
robot design, actuation, and sensing to develop a robot hand with
the following contributions:

1) A robot hand featuring soft, continuously-deformable fin-
gers actuated by SMAs, capable of bending along multiple
axes.

2) Real-time contact detection from pose estimation using
capacitive bend sensors embedded within the fingers.

3) Demonstration of complex manipulation tasks including
grasping and twisting with simplified control enabled
by mechanical compliance and improved manipulation
performance through contact detection.

II. METHODS

A. Actuator and Sensor Hardware

Each finger in the soft gripper has two pairs of antagonistic
SMA actuators, with pairs placed orthogonally to each other.

The SMA coil actuators (Flexinol spring, 40 coils, 0.51 mm
diameter, Dynalloy Inc.) used in these experiments are com-
posed of Nitinol, an alloy made from around 50% Nickel and
50% Titanium [31]. The SMA coils are pretrained by the man-
ufacturer to contract when heated to a minimal coil pitch. The
antagonistic coil placement enables bending about x- and y-axes;
as one actuator contracts when heated, the opposing SMA is
placed in tension and expands. The SMAs are actuated by Joule
heating through a pulse-width modulated (PWM) MOSFET
circuit as described in [22]. These circuits are housed in the
wrist of the gripper. To handle controlling all 12 SMA actuators,
the microcontroller used for the experiments is the Arduino
Mega 2560, also housed in the wrist of the gripper. The body
of the fingers are made through injection molding using 3D
printed molds made on FormLab’s resin 3D printer (Fig. 1(b)).
The elastomer used in the fingers is Smooth-On’s MoldStar 15
SLOW with a 100% modulus of 55psi, a shore hardness of 15 A,
and a tensile strength of 400psi [32]. Each finger has a cavity in
the middle for a Nitto capacitive bend sensor (2-Axis Soft Flex
Sensor, Nitto Bend Technologies) [33]. The sensor measures the
angle of the tip relative to the sensor base about two axes. Each
finger is attached to the hand with a bracket such that bending
in the positive x-direction corresponds to bending toward the
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Fig. 2. (a) The testing setup for contact force analysis. One SMA is actuated, causing the finger to bend toward the contact plate. Bend angles and contact force
are measured by the integrated bend sensor and a load cell, respectively. The bend angle (θb) is measured between a line tangent to the end of the finger and the
vertical axis from the base of the sensor (b) A sharp negative acceleration in bend angle occurs at first contact with the contact plate. Test condition for data shown:
20% duty cycle at 7V, 20mm offset. (c) As the finger continues to bend after contact, the measured force increases. Offset distance measures the distance from the
contact plate to the closest point on the finger in a neutral (unactuated) position. (d) A feedback control diagram for waypoint control. A contact detector can be
optionally added. (e) Experimental comparison of finger angle as measured by the bend sensor and by an external camera. Mean and standard deviations are shown
for four fingers.

center of the hand. The configuration of the gripper can be seen
in Fig. 1.

B. Finger Characterization

To understand the force relationship from joule heating of
each limb, an experiment was conducted to relate the force
exerted by the finger to the PWM duty cycle. The experimental
setup is shown in Fig. 2(a). The base of the finger is fixed such
that the finger is oriented vertically. A load cell is located next
to the finger, with a rigidly-attached contact plate positioned at
various distances (0 cm, 1 cm, or 2 cm) from the closest point on
the finger when the finger is in a neutral (un-actuated) position.
The SMA closest to the contact plate is then actuated, causing the
finger to bend toward the contact plate. Actuation is performed
at a constant duty cycle until 120 seconds has elapsed or the
finger reaches a bending angle of 30 degrees as measured by the
embedded bend sensor, whichever happens first. The contact
force is measured by the load cell. This process is repeated
at several duty cycles at 7 Volts, with a 60-second cool-down
period in-between actuations. As seen in Fig. 2(b), there is a
sharp negative acceleration in the bend angle when contact is
made. This insight is used to create a proprioceptive contact
detector. Fig. 2(c) shows a graph of contact force over time at
15%, 30% and 45% duty cycles. As the finger continues to bend

TABLE I
RESULTS OF CONTACT DETECTION TEST

after contact, the measured force increases. The maximum force
measured is about 400 mN.

An experiment was performed to test the accuracy of the
bend sensors (Fig. 2(e)). A marker was attached to the finger
tip and an external camera was used to quantify the accuracy of
the bend sensor. Using the waypoint controller, the finger was
commanded to spend 30 seconds at seven equally spaced way-
points, during which time data was collected. The experiment
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TABLE II
COMPARISON OF SMA-ACTUATED HANDS

was repeated with four fingers. The accuracy was sufficient for
effective control implementations as discussed in subsequent
sections. Slight discrepancies may be due to sensor slippage
within the finger.

C. Contact Detection

As shown in Fig. 2(b), a sharp negative acceleration in bend
angle occurs when the finger tip makes contact. The acceleration
data shown in Fig. 2(b) is calculated offline. Here, we describe
the online implementation of the contact detector. The angular
position is sampled using the bend sensor at approximately
18 Hz. To reduce noise and compensate for sensor granularity,
the measurements are first passed through a moving-window
Gaussian filter (σ = 3, n = 15). Velocity and acceleration are
calculated using a discrete time-difference method. Contact is
determined by comparing the finger acceleration to a threshold
value. With the finger in an upside-down position and actuated
at a 31.4% duty cycle (80/255), an acceleration of less than
−8 deg/s2 was found to indicate contact. This acceleration cor-
responds to a change in bending rate between free tip movement
(pre-contact) and constrained tip movement (during contact).
A rules-based approach (e.g., only checking for contact within
certain angle bounds) reduces false positives caused by sensor
noise and environmental disturbances. While the Gaussian filter
introduces a small time delay (less than 1 s with the sampling

frequency and filter size mentioned previously), this did not
prevent improvements in grasping performance.

D. Waypoint-Based Control

Grasping motions, twisting motions, and mechanical com-
pliance were demonstrated using a simple controller to follow
a waypoint-defined path. The methodology is shown in Algo-
rithm 1. The duty cycle for each SMA was set (line 9) using a
simple thresholding controller. The duty cycle was set to high
with a large error, low with a small error, and zero with a negative
error.

This algorithm was evaluated by manipulating several objects.
In all cases, the hand was mounted to a Kinova robot arm (see
Fig. 1). First, a series of objects were grasped to highlight
the abilities of the gripper (Fig. 3(a)–(d)). A Plastic ball is
grasped and lifted to demonstrate grasping of a solid object.
Subsequently, an unopened foil chip bag is grasped and lifted
to show manipulation of a highly deformable object. Then, a
plastic bottle and an egg were grasped. Notably, the same control
sequence and waypoints are used to grasp the chip bag and
the bottle. This demonstrates the ability of a highly compliant
gripper to grasp different objects with low software complex-
ity. Finally, in Fig. 1(c) a twisting motion is demonstrated by
unscrewing a 3D printed nut from a-3D printed bolt using only
finger motions (i.e., stationary wrist).
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Fig. 3. Grasping (a) a plastic ball, (b) a deformable chip bag (c) a plastic
bottle, and (d) an egg. (e) Example data from a waypoint controller. Top: Once a
waypoint is reached, the controller progresses to the next waypoint. Middle and
bottom: Duty cycles commanded to each SMA to bend the finger to the target
waypoints.

Algorithm 1: Waypoint-Based Control.
Require:A sequential list of waypoints for each finger,
defined as target angles about finger’s x- and y-axes.

Require:Angular position error bound, ε.
1: Initialize the waypoint index to 0.
2: while waypoint index < length(waypoints) do
3: Measure angular positions of each finger.
4: Calculate angular position errors for current

waypoint.
5: if All angular position errors ≤ ε then
6: Increment waypoint index.
7: else
8: for each angular position error do
9: Set duty cycle for the corresponding SMAs.

10: end for
11: Actuate SMAs at set duty cycles.
12: end if
13: end while

E. Contact Detection Based Control

Contact detection was incorporated into the control sequence
(Algorithm 2), and its impact was evaluated using a simple
grasping task. The hand was attached to a robot arm as before.
Then, bottles with caps of three different diameters (30.5 mm,
40.4 mm, 45.5 mm) were placed below the gripper, with their
caps fully loosened. The robot arm moved the gripper to a
pre-grasp position above the bottle. The gripper enacted an
opened, pre-grasp pose with all fingers at an angle of 30 degrees

Algorithm 2: Control Incorporating Contact Detection.
Require:A sequential list of waypoints for each finger,
defined as target angles about finger’s x- and y-axes.

Require:Angular position error bound, ε.
1: Initialize the waypoint index to 0.
2: while waypoint index < length(waypoints) do
3: Measure angular positions of each finger.
4: Calculate angular position errors for current

waypoint.
5: Calculate filtered position and derivatives.
6: for each finger axis do
7: if first contact detected {contact detected if accel.

< threshold} then
8: update target angle.
9: end if

10: end for
11: if All angular position errors ≤ ε then
12: Increment waypoint index.
13: else
14: for each angular position error do
15: Set duty cycle for the corresponding SMAs.
16: end for
17: Actuate SMAs at set duty cycles.
18: end if
19: end while

outward. Fingers then moved to a grasped pose with all fingers at
an angle of 15 degrees inward. With contact detection enabled,
contact was individually detected for each finger as it moved
from the pre-grasp to grasp pose. Once contact was detected,
the finger continued to bend to a grasp angle 5 degrees greater
than the angle at contact (this increased the force applied to the
cap for a better grasp, see Fig. 2(c)). Without contact detection
enabled, each finger bent to the grasp angle of 15 degrees. In both
cases, the grasp angle was held once reached, and the gripper
was raised and lowered, lifting and replacing the cap. The cap
was then released. For each cap size, this trial procedure was
repeated 10 times with and without contact detection enabled.
Other than turning on and off contact detection, no changes were
made to the code between trials. The resulting cap position after
being placed back on the bottle was categorized as (1) placed
correctly (cap is level or near-level), or (2) placed incorrectly
(cap is significantly slanted, dropped, placed upside down, or
not grasped). Results of this experiment are presented in Table I.

A summary of the experiment is shown in Fig. 4(a)–(b). To
quantify the impact of contact detection on applied force, the test
setup presented in Fig. 2(a) was used to measure applied force
with and without contact detection at distances corresponding to
the cap location during grasping. This experiment is summarized
in Fig. 4(c)–(e) and was repeated with five different fingers for
each condition. Fig. 4(f) shows a final demo in which a bottle
cap is grasped, unscrewed, lifted, replaced, and re-tightened,
showing the ability of the hand to perform delicate grasping and
rotation tasks (Supporting Movie S1).
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Fig. 4. (a) The finger closes towards a fixed object. When it is near the object, it begins checking the bending acceleration for contact (middle graph). When
contact is made, the target bend angle updates (bottom graph). By adjusting the updated target angle after contact, the applied force can be approximately set
(Fig. 2(c)). (b) The sequence for testing contact detection. (i) the arm moves to a pre-grasp position and fingers open, (ii) the arm lowers and grasps the bottle cap,
(iii) the arm lifts the cap (iv) the bottle cap is replaced (v) the hand lifts up and away. (c) The test setup presented in Fig. 2(a) was used to measure force applied by
a finger during grasping with and without contact detection. The contact plate is positioned to correspond to the cap location during grasping. (d) Grasping force
over time with and without contact detection at the large cap distance. (e) Five trials were performed for each distance with and without contact detection enabled.
Enabling contact detection allows a consistent force to be applied regardless of cap size. (f) A combined demonstration to unscrew, lift, and re-screw a bottle cap:
(i) The gripper is positioned above the bottle, (ii) fingers open to a pre-grasp pose, (iii) fingers grasp the cap, (iv) fingers twist to unscrew the cap, (v) the hand lifts
the cap, (vi) the hand replaces the cap, (vii) the fingers twist to tighten the cap, (viii) the tightness of the cap is validated by manually lifting the bottle by the cap.

III. RESULTS AND DISCUSSION

A. Hand Evaluation

Table II compares our hand with previous SMA-based grip-
pers. Our hand offers significant advantages in manipulation as
compared to previous grippers because each finger can bend
about two axes along with contact detection. This allows more
complex manipulation abilities, such as rotating objects, which
includes unscrewing the screw nut and opening the lid of the
bottle, along with a variety of grasping tasks.

B. Waypoint-Based Control

The waypoint-based controller was able to successfully grasp
different objects, including a plastic ball, a foil chip bag, a
bottle, and an egg (Fig. 3(a)–(d)). The controller was also able to
demonstrate a twisting motion by unscrewing a 3D-printed bolt.
The ability of the hand to grasp the chip bag and the egg with
the same control waypoints demonstrates how the compliance of
the gripper can accommodate significant differences in grasped
objects with a basic controller.

C. Contact Detection Based Control

As shown in Table I, contact detection improved the success
rate in the example task of lifting and replacing bottle caps. Of the

three bottle caps used, the smallest (30.5 mm diameter) had the
overall highest failure rate. The medium cap (40.4 mm diameter)
had the highest grasp success rate both with and without contact
sensing enabled. The increased diameter may have resulted in
greater tolerance for errors in finger placement. Finally, the
large cap (45.5 mm diameter) showed good results with contact
detection enabled and poor results without contact detection.
Since the controller was set to bend fingers inward to an angle
of 15 degrees without contact detection, the forces applied by
the fingers were larger for the large-diameter cap, which may
have contributed to the high failure rate without contact sensing.
With contact sensing, the amount of force applied was indirectly
controlled by stopping finger movement soon after contact.
Fig. 4(e) shows the ability of contact detection to maintain a
consistent applied force for all three caps, whereas grasping
without contact detection results in significantly higher forces
as cap size increases. Additionally, differences in cap texture
(knurled vs. smooth) and the interface geometry between the
cap and bottle may have influenced success and failure rates
among caps.

This experiment shows contact detection can significantly
improve the success of a soft gripper in delicate manipulation
tasks. By adapting its grasp to each object, a wider array of
items can be successfully grasped. More broadly, propriocep-
tion, the ability of a robot to sense its internal posture, is a
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major challenge for continuously deformable robots. For our
continuously deformable fingers, using a multi-axis bend sensor
relies on an assumption of constant curvature to estimate finger
and tip positions. However, the constant-curvature assumption
never holds true in practice due to factors including gravity, air
and water currents, and manufacturing defects. Contact sensing
offers a means to relax the reliance on the constant-curvature
assumption to accomplish useful tasks by allowing relative
positions between a finger and grasped object to be updated
in real-time upon contact.

IV. CONCLUSION

We present a new robot hand made of soft, continuously-
deformable fingers actuated by shape-memory alloys and em-
bedded with a multi-axis bend sensor to measure finger cur-
vature. We present two control algorithms for this hand. The
first, a waypoint-based controller, allows for grasping a range of
objects including a ball, a foil bag, a bottle, and an egg. Further,
we demonstrate the ability to execute more complex manipu-
lation tasks, including unscrewing a nut. The second controller
incorporates contact detection by analyzing the derivatives of
curvature measured by the bend sensor. We perform an exper-
iment in which we demonstrate the ability of contact detection
to improve task performance by lifting bottle caps of various
sizes off of bottles and re-placing them on the bottles. Using
contact detection significantly increases the success rate of cap
re-placements.

This hand leaves several opportunities for improvement, in-
cluding refinements to the contact detection algorithm, improve-
ments to finger control through methods such as PID or MPC,
and the development of more complex control sequences for
even more advanced manipulation tasks. More generally, this
study seeks to use SMA as an actuation method due to its intrinsic
mechanical compliance and high work and power densities.
However, this work does not address some of the weaknesses of
using SMA for actuation, including high energy consumption
and low cycle rate [37]. This is an open area of research that
can potentially be addressed by incorporating active cooling
to decrease response times [36] or by modifying the SMA
actuator’s material composition and crystal structure [14].
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