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Abstract—The design, assembly and implementation of a 
custom fabricated instrumented wrist aimed at supporting 
dexterous robotic interaction with live proximity and contact 
feedback is presented in this paper. Although comparable 
platforms have been conceived in the past, efforts have been 
made to reduce the complexity of the overall system with a focus 
on weight and cost reduction and the addition of a proximity 
detection feature. Design considerations are explored and 
compared to similar existing compliant wrists. An experimental 
characterization of the prototype is reported in the context of an 
integrated vision-guided robotic system. An evaluation of other 
possible applications, namely for mobile robotics, is also 
presented. 

Keywords—compliant wrist; dexterous robotics; touch 
feedback; proximity sensing; robot navigation 

I. INTRODUCTION 
In recent years, the role of modern robots has taken on a 

very different form than that of their early predecessors which 
were massively involved in industrial environments. While the 
latter could be easily programmed to perform repetitive tasks 
with a high degree of precision, as they benefited from 
structured environments and very few, if any, unknown 
variables, modern robots must deal with more complex 
scenarios. With advances in control theory and electronics, the 
possible applications for which robots are now being 
considered are innumerable, therefore requiring a change in the 
way more conventional problems are approached [1]. There is 
much work in the field of robotics whose aim is to find new 
ways of safely interacting with objects in unstructured and 
dynamic environments where people may or may not be 
present [2, 3]. Unstructured environments arise, in part, due to 
a lack of a priori knowledge of the surroundings or from the 
uncertainty present in localization methods and sensors on 
mobile platforms which cannot guarantee exact positions [4-6]. 
Another factor which contributes to this uncertainty is that not 
all objects have the same properties; some are malleable or 
deformable, others are solid or stiff while some are very fragile 
and require delicate handling. In many cases, if the robot is to 
operate in proximity to humans, their safety must also be 
considered. Compliance and back-drivability of actuators are 
often essential to achieving safer operation in situations with a 
human element. However, there is often a trade-off between 
repeatability and compliance. Depending on the scenario, more 
importance can be given to one factor over the other [7].  

One of the goals of modern robotics is to increase 
functionality of devices beyond their current limitations. In the 
present work we attempt to incorporate a degree of compliance 
onto an initially non-compliant manipulator robot in the form 
of a compliant wrist device, allowing the robot to dynamically 
adapt to the surfaces it approaches or touches, but without 
requiring complex and high accuracy vision and range imaging 
feedback. To accommodate an inherent lack of precision in the 
vision stage, means of measuring the resulting deflections of 
the device when subjected to contact forces, as well as 
proximity detection elements, are embedded on the compliant 
wrist. The combination of both sensing mechanisms provides 
the necessary feedback to the robot controller for position 
control prior to and during contact with objects.  

According to [8], the control of robotic manipulators can be 
divided into three modes of operation. The first is free-motion 
mode where the manipulator is moving through free space. 
With few external factors to manage during this type of 
control, the motion of manipulators can generally be stabilized 
via a common proportional plus derivative (PD) controller. The 
second is the impact or transition mode which is the moment 
that the manipulator comes into contact with an object. Finally, 
the third mode is the constrained motion mode where the 
manipulator must be controlled while maintaining contact with 
the desired object. The contact and proximity sensory 
information and compliance provided by the device introduced 
in this paper can allow manipulators to mitigate many 
problems which arise during the transition and constrained 
modes of operation [9]. 

In order for the device to provide a maximum flexibility 
and adaptation capability to various robotic platforms and 
tasks, the design requirements were to create a low cost, light 
weight and self-contained instrumented compliant wrist. The 
cost of existing manipulators is already somewhat restrictive 
and efforts should be made to reduce any additional costs 
incurred when modifying or expanding an existing platform.  
The low cost aspect was achieved by using widely available 
components such as mass produced microcontrollers and 
sensors. Moreover, most manipulators have a very limited 
payload and are unable to wield large end effectors. For 
example, the CRS F3 articulated robot used here to test the 
prototype has a nominal payload of only 3 kg. By fabricating a 
custom device made almost entirely from Delrin®, an acetal 
resin (polyoxymethylene) which is a thermoplastic with high 
stiffness and strength [10], significant weight reduction was 
achieved over an aluminum alternative.  
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When looking to add custom tools to a manipulator, end 
effectors requiring dedicated connection ports can often hinder 
their integration into a system due to a lack of available 
connections. Also, certain tasks can require large ranges of 
movement, such as the turning of a screwdriver, where cables 
can interfere with the task and might require modifications in 
the control methods in order to accommodate the physical 
changes. The incorporation of a wireless transmission module, 
allowed for a self-contained unit requiring no direct external 
tethered connections. The conceptual design of the current 
prototype for the compliant mechanism is shown in Fig.1a and 
will be further detailed in the following sections. 

 
a)                                                        b) 

Fig.1. a) Design of the instrumented wrist with spring loaded compliant plate, 
and b) dual sensory layers: internal (red) and external (yellow). 

II. RELATED WORK 
The general concept of the proposed compliant wrist was 

inspired from previous works. Compliant wrist designs have 
been implemented for different applications such as surface 
mapping, contour following, automated assembly and haptic 
control [11-16]. In [11] and [12], the compliant wrist sensor is 
equipped with a tactile probe in order to obtain finer details of 
a contacted surface over the grosser estimate of surface 
position and orientation. 2D correlation techniques are used to 
stitch together surface images during sequential tactile 
exploration. The pose information generated by the compliant 
wrist structure is two rotations about the X and Y axes and a 
translation along the Z axis. The compliant structure however 
appears to experience a limited range of motion in both 
rotational and translation degrees of freedom due to the 
physical links joining the two plates. Several prototypes 
consisting of a much more complex design offering up to 6 
degrees-of-freedom compliance are studied in [13-16], with 
provisions for measuring each of these 6 deflections. The 
passive compliance of the latter device is supplied by rubber 
elements which can be selected in order to produce a desired 
stiffness allowing for kinetic energy absorption during 
collision. The complexity of this design means that it doesn’t 
lend itself well to modifications and also increases the cost of 
fabrication. The large number of moving parts also suggests 
that wear could be a factor in the long run. Both options also 
only offer a tethered connection to relay all of the sensory data 
which can easily interfere with the operation of a manipulator. 

III. MOTIVATION 
Working with rigid robotic manipulators in unstructured 

environments can raise safety concerns especially in situations 
where human-robot interactions and the handling of fragile 
materials are a possibility. However, precise monitoring of the 
forces involved in the interaction is not always essential. The 

proposed instrumented compliant wrist is a cost effective 
alternative to classical hybrid control methods to complement 
vision-based guidance of robots. Hybrid control methods 
require the addition of force and torque measurement devices 
and major changes in the control paradigm of a robot, while the 
proposed strategy involves measuring geometrical 
transformations in between the end effector and the object with 
which the robot is, or about to be, interacting with. As a result, 
the control scheme of the robot does not require major 
modifications as feedback is provided in a form similar to what 
vision sensors already provide to support path planning [17, 
18]. On the other hand, the added compliance offered by 
mounting the compliant wrist attachment onto an existing 
robotic platform can be a great asset in systems only equipped 
with visual feedback that provides information about the 
working environment but with relatively low accuracy. 

Specific applications for this compliant wrist have been 
considered. One immediate application for which this design 
was achieved is that of a robotic system guided by a multi-
modal sensing stage for automated vehicle inspection, as 
described in [19]. The robotic manipulator used in this system 
is expected to operate in an environment containing vehicles 
and their passengers while avoiding bodily injury to the 
passengers as well as causing no damage to the vehicles with 
which it comes into contact. Since neither compliance nor a 
purely vision-based system are sufficient to ensure safety, the 
system incorporates both a proximity and a contact sensory 
stage in addition to peripheral RGB-D visual information into 
its control loop. The goal is to increase the overall accuracy 
and dexterity of the end effector while interacting with the 
surface of a vehicle’s bodywork, thereby increasing safety 
during the operation. 

The sensors embedded on the compliant wrist allow for the 
combination of fast but low accuracy RGB-D data with 
proximity measurements during the approach, and eventually 
deviation monitoring of a compliant plate when in contact with 
the surface. This multi-sensory approach allows for the robot 
movements to be dynamically modified. Proximity sensing of 
surfaces also makes it possible to measure the exact location 
and orientation of surfaces occluded from the RGB-D vision 
sensor during preliminary visual inspection and shape 
estimation. It ensures a smooth transition from free-motion to 
transition, and up to constrained control modes [8]. Proximity 
detection also makes it trivial to predict when contact is about 
to occur, giving the robot controller ample time to adjust its 
trajectory for an optimal transition. 

Another immediate application is the mounting of the 
proposed compliant structure onto mobile robot platforms to 
act as a form of agile bumper. Both the proximity and contact 
sensory information provided can help in collision avoidance 
as well as coarse mapping of boundaries. It can also help in 
tasks which involve multiple robots pushing objects 
collaboratively into desired directions, as each other’s action 
can be monitored via the respective instrumented wrist 
mounted on every robot.  

IV. OVERALL DESIGN 
Similar to the previously mentioned designs, at the core of 

the proposed compliant wrist assembly are two plates separated 
by components allowing for deflection of the upper compliant 



plate under externally applied forces, as sh
Instrumentation capable of dynamically 
deflection is embedded in the wrist (four in
shown in Fig. 1b). A second set of external se
the periphery of the bottom plate to measure 
surface before it actually touches the upper 
which provides the proximity sensory layer. T
layers provide the necessary measurements fo
approach of the robot while it is in close distan
with which it is meant to interact but before th
This strategy makes for a simpler solution tha
as no computationally expensive image proce
Furthermore, the fine tuning of the robot i
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Specifics of the mechanical assembly, kinem
its operation and hardware considerations a
following subsections. 

A. Mechanical Assembly 
Starting at the base of the structure there 

plate allowing the compliant wrist to be mount
platforms. This attachment plate is fixed to t
enclosure used to house the electronics
microcontroller, wireless module, wiring an
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external objects in proximity of the wrist 
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B. Kinematic Formulation 
The design of the proposed compliant wri

simple kinematic representation of the device w
freedom. As mentioned in the previous sec
employs two independent sets of four IR sens
sensors operate in the same fashion and 

hown in Fig.1a. 
measuring this 

nternal sensors as 
ensors is added in 

the location of a 
compliant plate, 

The dual sensory 
or fine tuning the 
nce to the surface 
he contact occurs. 
an visual servoing 
ssing is required. 
interaction when 
ime position and 
rather than force 
control algorithm 
sensing is used. 

matic formulation, 
are given in the 

is an attachment 
ted to a variety of 
the bottom of an 
s such as the 

nd power source. 
and a USB access 
or reprogramming 
. The compliant 

the electronics 
rs, shown in Fig. 
d in such a way as 
ance between the 
o the center of the 
he bottom half of 
spring. The upper 
half. This sliding 
reedom along the 
or PTFE) ball is 
shaft providing a 

e upper plate and 
tional degrees of 
about the Y axis. 
s of the top and 
tact with its pivot 
e combination of 
n and extension 
m and tensioned 
econdary sensor 

ur IR sensors are 
nt wrist to detect 

along the same 

ist provides for a 
with 3 degrees of 
ction, the device 
sors. Both sets of 

are capable of 

generating similar distance informa
anchor points. However, the wa
information is interpreted is depen
considered. The internal sensors 
deflection measurements. There
involves only two rotations and on
to completely describe the detecte
plate since the surface of the upper p

Fig. 1b shows how both sets of 
respect to the assigned reference fr
has its origin located in the cen
corresponding to the intersection b
arrows. The extraction process of t
parameters and of the normal vecto
measurements obtained from the 
angle is calculated from the distanc
sensors aligned along a particular a
X axis is extracted from the distan
sensors aligned along the Y axis, an
axis is extracted from the distanc
sensors aligned along the X axis. By
right angle triangle whose vertica
distance measurements of the two 
base whose length is equal to the 
two sensors, the desired angle is ob
the rotation angle about the Y ax
distances measured from two sensor
is given on the right of Fig. 2, assu
distance of W. Rotations can be calc
and (2) where S indicates a senso
letters denote the axis of alignment a
signs denote on which side of th
sensors are positioned.  ܴ௑ ൌ ߚ ൌ 2ሺܵ௒ା݊ܽݐܽ െ ܵ௒ି,ܴ௒ ൌ ߙ ൌ 2ሺܵ௑ି݊ܽݐܽ െ ܵ௑ା

Fig. 2. Estimation of translation (left) and r

The translation along the Z axi
distance measurements of two 
particular axis. By taking the a
measurements we can find the dista
the upper and lower plates. Thi
symmetry of the sensor placement
translation is calculated using the di
opposite sensors. An example is giv
Either pair of sensors along an axis 
the translation; however, the value 
both pairs if the surface is planar as
the set. This approach is therefore v
sensors that measure the deviation o

௭ܶ ൌ ܵ௑ି ൅ ܵ௑ା2 ൌ ܵ௒ି ൅ ܵ2

ation from their respective 
ay in which the distance 
ndent on the sensory layer 
are used for upper plate 

efore, the representation 
e translation measurements 

ed movement of the upper 
plate is uniformly planar. 
sensors are organized with 

frame. The reference frame 
nter of the sliding shaft, 

between all red and yellow 
the rotation and translation 
ors relies solely on distance 
IR sensors. Each rotation 

ce measurements of two IR 
axis. The rotation about the 
nces measured by the two 
nd the rotation about the Y 
ces measured by the two 
y taking the arctangent of a 
l side is the difference in 
sensors on that axis with a 
distance that separates the 
tained. An example of how 

xis is calculated, using the 
rs aligned along the X axis, 

uming an in-between sensor 
culated according to Eq. (1) 
or distance, the subscripted 
and the positive or negative 
e center of the axis these 

, ܹሻ (1) , ܹሻ (2)

 
otation (right) of the upper plate. 
s is also obtained from the 
sensors aligned along a 

average of both distance 
ance between the centers of 
is is possible due to the 
t. Eq. (3) defines how the 
istances measured from two 

ven on the left side of Fig. 2. 
can provide an estimate of 
will only be the same for 

s seen by all four sensors in 
valid for the internal set of 

of the upper plate. ܵ௒ା (3) 



The relationship between the bottom p
static from the point of view of the instrument
compliant upper plate can be represented as a 3
transformation matrix, whose parameters dep
internal distance measurements, represented a
in Fig. 3.  

 
Fig. 3. Extracted distance measurements from internal a
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V. COMPLIANT WRIST EXPERIMENTAL CHAR
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Fig.5.Prototype of the instrumented complia
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Table 1. Sensor calibration data pairs
Distance (cm) Voltage (V) Distance (cm)

40.0 0.300 10.0 

35.0 0.370 9.0 

30.0 0.440 8.0 

25.0 0.520 7.0 

20.0 0.650 6.0 

18.0 0.740 5.0 

16.0 0.820 4.0 

14.0 0.930 3.5 

12.0 1.060 3.0 
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compensate each of the individual sensor response curves to 
match a single desired response, which simplifies the 
implementation of the physical compliant wrist without 
introducing bias in the distance and transformation estimates. 

VI. DISCUSSION 
The mechanical design intends to restrict motions which 

the embedded distance sensors are not able to measure, such as 
motions perpendicular to their sensing axis. The wrist relies on 
its central sliding shaft to prevent the compliant wrist from 
experiencing translations along both the X and Y axes. 
However, the central shaft’s pivot point does not prevent 
rotations about the Z axis. Fortunately the distance and 
rotations measured are unaffected by this additional 
compliance. The current prototype offers only a limited range 
of motion due to the short length of the central shaft and the 
amount of tension provided by the extension springs. The 
conceptual model of the compliant wrist called for a shaft with 
an approximate travel of 5 cm. However, the actual forces 
imposed on the device by the four extension springs caused the 
center shaft to be compressed at an equilibrium distance less 
than the expected maximum travel. 

Selecting IR sensors for supplying distance measurements 
was motivated by their low cost and longer detection range, as 
compared to most other types of proximity sensors. Both 
inductive and capacitive displacement sensors offer a high 
degree of precision but with limited ranges of detection [22, 
23]. The use of linear potentiometers, as in [11], was also 
considered as they can easily be made for any desired 
operating range; however, the latter is directly linked to their 
cost, size and weight. Another drawback is that they require a 
physical link to the objects whose distance they measure, 
which prohibited the use of the wrist as a proximity sensor. 

Currently, physical scalability of the device is restricted by 
the size of the IR sensors in use. The minimum operating 
distance and physical size of the sensors restrict the achievable 
size reductions. This in turn can pose limitations when trying to 
approach objects which are smaller in height or width than the 
separation distance between the external set of sensors or that 
possibly have sharp curvatures. 

VII. CONCLUSION 
This paper reports on the design and initial implementation 

of a standalone instrumented compliant wrist which can be 
easily integrated into a variety of systems such as robotic 
manipulators or mobile platforms to provide live feedback 
about the approach of an object by a robot and to help closely 
control the interaction with a surface. The data acquired during 
preliminary evaluation of the wrist shows that the proposed 
design provides adequate resolution to warrant integration into 
existing robotic systems requiring compliance. The self-
contained design combined with a wireless communication 
interface with the robot controller simplifies the integration 
process onto a variety of existing platforms. 
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