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applications for a student project in the fields of robotics and mechanical design. 
 
Background: 
We are currently working on a collaborative project which aims to improve robot-assisted 
hand rehabilitation in stroke patients by intelligently adapting the assistance based on 
brain activity and physiological measurements (CA2ST). During training the patients will be 
faced with challenging and entertaining tasks in a virtual reality environment. The fusion of 
multi sensor data to estimate patient’s intention and motivation should enable him/her to 
benefit from a robotic assistance adapted to his personal needs and level of impairment. In 
a first phase we focus on simple pinching tasks between thumb and index finger. For the 
purpose of this human-machine interface a robotic device needs to be developed. 
 
Goal of this project: 
In this project a 1 DoF robotic device 
needs to be implemented to perform 
pinching tasks and provide enough 
force/torque to assist flexion/extension. 
Appropriate low-cost components 
(actuator, transmission, position & force 
sensors) need to be selected and 
integrated into the setup (design and 
development in CAD). Finally the setup 
needs to be assembled in our workshop 
and evaluated with some initial tests. 
Extension to more DoF will also be 
investigated. 
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Required work: 10% literature research, 10% hardware evaluation/selection, 40% robot 
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(actuators, sensors, transmissions), nice to have: LabVIEW knowledge 
 
Contact: Jean-Claude Metzger, jemetzge@ethz.ch,  
044 632 52 02, Leonhardstrasse 27, LEO B7.2 
 
CA2ST project description: 
http://www.relab.ethz.ch/research/SensorimotorLearning/CAAST  



ii



Acknowledgments

I would like to thank my supervisor Jean-Claude Metzger for all the time, effort
and dedication he invested on this project. His guidance and advice have been
invaluable. I also am very thankful to Dr. Olivier Lambercy and Prof. Dr. Roger
Gassert for their expertise and excellent inputs. I thank Pascal Wespe for his help
and feedback with the robot design, and for manufacturing the home-made compo-
nents of the device.
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Abstract

Most of the stroke survivors lose hand and arm skill which can be partially recovered
through intensive rehabilitation. Studies show that robot-assisted rehabilitation is
effective, providing a more motivating environment and a better assessment of the
patient than traditional rehabilitation. The goal of this master thesis is to develop a
cheap, portable and commercially viable grasping and pronation/supination move-
ments rehabilitation robot based on an existing prototype, the ReHapticKnob. The
built device interacts with the human hand through two finger supports. The de-
vice has two independently actuated and lockable degrees of freedom (DoF): the
translational DoF affects hand opening and closing and the rotational DoF affects
hand rotation. The device is controlled via a laptop programmed by LabView and
implementing an admittance control scheme. The finger supports are able to ex-
ert a continuous force of 35 N and 1.3 Nm on the user’s hand. Furthermore, the
device control can make the supports resistance to be moved by the hand almost
imperceptible if desired, which permits the device to render a wide variety of virtual
scenarios at the haptic level.
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Chapter 1

Introduction

1.1 Robots and rehabilitation

Approximately 80% of the stroke survivors suffer arm and hand skill loss [1, 2].
The activities the patients wish to recover the most require fine prehension and
hand pronation/supination [3, 4]. Therefore, the recovery of these skills should be
one priority in stroke patient rehabilitation. Stroke patients have been able to re-
cover part of the lost skills through rehabilitation, especially repetitive exercises.
However, these exercises can be tedious and non-motivating for the impaired. Fur-
thermore, they cannot measure precisely the patient’s evolution. New approaches
solving these issues are necessary to improve prehension and pronation/supination
rehabilitation, thus improving the impaired life quality.

The application of robotics in the rehabilitation field has been a research topic of
rising interest for the last years. Robots can provide more accurate, adaptive and
repeatable rehabilitation exercises, as well as provide accurate assessment [5, 6].
Furthermore, they allow the process not to be constantly supervised by an expert,
therefore increasing the effectiveness of the rehabilitation clinics limited resources
as well as motivating the patient through a virtual environment. Studies show that
robot assisted rehabilitation is indeed effective [7]. Despite these advantages and
due to the field immaturity, there are very few commercially available rehabilitation
robots [3].

1.2 The ReHapticKnob

The ReHapticKnob (RHK) is a hand rehabilitation robotic device. It is an end-
effector-based haptic interface based on the HapticKnob and designed to train the
prehension and pronation/supination skills of the impaired. Through the RHK
high-fidelity virtual reality can be implemented and used in rehabilitation exer-
cises. Its high output force and torque, its high transparency and excellent virtual
wall rendering and its compactness makes it a remarkable prototype.

The device has two knobs the user interacts with during the rehabilitation exercises.
These knobs have two actuated degrees of freedom (DoF): the translational DoF
controls the knob distance, which effects hand opening and closing; the rotational
DoF controls the knobs rotation around an axis, which effects hand rotation.

1



Chapter 1. Introduction 2

The RHK counts with two brushed DC motors, each with one encoder attached, to
actuate its two DoFs. It also has one 3-axis force and torque sensor at each knob
and one position sensor for each DoF. The device is controlled through a real time
system and counts with a screen which provides the visual component of the virtual
reality.

More information about the ReHapticKnob can be found in Metzger’s papers [5,6].

Figure 1.1: The ReHapticKnob

1.3 Goal of the project

The objective of this project is to develop a cheap, portable and commercially viable
rehabilitation robot based on the RHK. The new device will interact with the user
through two knobs. These knobs will have the same two degrees of freedom the
RHK has.

In this project the necessary requirements of such a device will be determined;
different components for the actuation, sensing and device control will be studied
and chosen; the necessary electronics as well as mechanical parts will be designed;
and the robot will be finally built.



Chapter 2

Requirements

In this chapter specifications the new device should have, called specification re-
quirements, are discussed. The requirements are set to ensure that the final device
is a high-fidelity yet inexpensive and portable haptic interface.

These requirements are classified into 3 categories:

Mandatory these specifications are crucial for the robot performance. A minimum
value which the robot must meet is stablished, as well as an optimal for the
robot performance value.

Desirable these specifications are either non-critical performance specifications
or performance unrelated specifications. They can be considered guidelines
rather than strict requirements.

Safety these specifications are safety related. The final robot has to meet them.

2.1 Mandatory

Translational travel of each knob

The maximum hand aperture for both healthy and stroke subjects is 18 cm [3]. The
minimum travel of each knob is set to 8 cm to ensure that rehabilitation exercises
involving any grip aperture, excepting fully opened hand, can be carried out. An
optimal travel of 10 cm is set so that exercises involving any grip aperture including
fully opened hand can be carried out for any hand size.

Peak translational velocity of each knob

The maximum grip closing velocity during a regular grasping movement is 20 cm/s
[8,9]. The minimum peak velocity of each knob is set to 10 cm/s so that the knobs
can follow the fingers during the reach-to-grasp phase of a grasping exercise and the
apparent transparency of the device is not compromised. An optimal peak velocity
of 30 cm/s is set to ensure that the apparent transparency of the device is not
compromised even in very fast exercises.

Peak translational acceleration of each knob

The most demanding scenario in terms of acceleration for this device is simulating a
virtual wall. In this scenario the robot must stop the knobs in a time small enough

3



Chapter 2. Requirements 4

so that the patient perceives a non-deformable wall. For this study, the velocity of
the finger tips in a grasping movement as well as the properties of the mechanical
receptors in the finger tips are taken into account.

The peak velocity of the finger tips in a normal grasping movement is around 10
cm/s [8, 9]. Although according to these articles the velocity decreases when the
actual object is reached, the peak velocity is considered, which results in a more
conservative approach.

Four channels for mechanical receptors can be found in the finger tips [9]. The P
channel detects vibration in the range of 200-300 Hz; however, this channel suffers
from temporal summation, therefore detecting a single-stroke movement such as the
stopping movement of the knobs is almost impossible for this channel. The NP II
channel detects vibration in the range of 80-500 Hz. However, this channel is only
able to detect movement if the contact area is small (about 0.01 cm2). The contact
area between the finger and the knob is way larger. The NP III channel can only
detect vibration of up to 3 Hz. The NP I channel, which detects vibration from 3 to
35 Hz and which doesn’t suffer from temporal summation, is therefore the channel
which imposes the maximum time the device has to stop the knobs: this time is
therefore considered to be 20 ms, which corresponds to a frequency of 50 Hz that
the NP I channel can’t detect.

Finally, and considering a constant deceleration movement, 5 m/s2 are needed to
completely stop the knobs in 20 ms if the initial velocity is of 10 cm/s. Therefore
the minimum acceleration of each knob is set to 5 m/s2. The travel of the fingertip
during the acceleration time is 1 mm, which matches the observations of Kelley and
Salcudean when rendering a virtual wall with a force-feedback mouse [10].

The optimal acceleration of each knob is set to 13 m/s2, which is the acceleration
of the RHK.

Continuous force at each knob

The average grip force when grasping an item is 10 N, although it can be up to 20
N for heavy items [3, 9, 11]. The minimum force at each knob is thus set to 10 N,
so that the robot can withstand the grasping force. The maximum grasping force
is 40 N [12], therefore the optimal value is set to 40 N per knob. However, in this
particular case it shall be taken into account that a force of up to 200 N is necessary
to passively open the hand of a patient suffering of hypertonus. Therefore a second
optimal value of 200 N is set if the device is wanted to work with subjects with
hypertonus.

Rotational travel

The maximum wrist rotation for both healthy and stroke subjects is 180◦ [3]. There-
fore the minimum rotational travel is set to 180◦. The optimal value is set to 260◦

since it is the sum of the maximum achievable pronation and supination [13].

Peak rotational velocity of each knob

Pronation and supination speeds of 300 ◦/s have been found difficult to achieve
even for baseball players [14]; therefore an optimal speed of 300 ◦/s is set to ensure
high apparent transparency even in the fastest exercises. The minimum value is set
to 150 ◦/s.



5 2.2. Desirable

Continuous torque

From previous experience with the HapticKnob and the RHK it is known that a
continuous torque of 0.3 Nm is enough to carry out most rehabilitation exercises.
The minimum continues torque value is thus set to 0.3 Nm. The optimal value is
set to 0.7 Nm since it is the required torque to perform most activities of daily
living [3].

Exchangeable knobs

Different rehabilitation patients and exercises require different shaped knobs. The
device must be designed so that these knobs are easily exchangeable.

Locking of end effectors

In order to conduct isometric exercises or exercises that only involve one of the two
DoF of the device, each of the two DoF must be independently lockable.

Structural stiffness

A human can produce up to 5 Nm torque when grasping an item with a precision
grasp and as mentioned before, a force up to 200 N may be necessary to open the
hand of a patient suffering of hypertonus. The device has to withstand the stress
this torque and force produce.

2.2 Desirable

Inexpensive

The robot must cost approximately CHF 2000 so that it is commercially viable.

Portableness

This device is a desktop application, which means it must be portable. The device
volume and weight are directly related to portableness. Therefore, the device must
weigh up to 5 kg, and its volume should not exceed 20 dm3.

Structural stiffness

A not enough stiff device behaves and is perceived by the user as a linear or ro-
tational spring, which could damage or destroy the haptic illusion during reha-
bilitation exercises. Under the conditions mentioned in the structural resistance
requirement the device must suffer a deformation small enough so that the device’s
haptic performance is not affected.

Additional sensing

The device will be used in research and should be able to measure the user perfor-
mance. Therefore, sensors which are not strictly necessary for the control of the
device can be included for user assessment purposes.
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2.3 Safety

� Redundant position sensing: The device will have redundant and independent
position sensors for both DoFs so that any failure in the sensing system can
be detected.

� Mechanical stop: Mechanical stops will be included in both DoFs to prevent
injuries to the user caused by a possible system malfunction.

� Software stop: The device will have software-implemented stops to prevent
damage to the user.

� Emergency stop button: An emergency stop button will be installed to dis-
connect the motors if necessary.

� Limited accessibility of dangerous components: Dangerous components such
as gears, pulleys. . . will be difficult to access by the user to prevent possible
injuries.

� Electrical isolation: The device will have its ground floating to prevent possible
electrical shocks to the user.

� Motor command limitation: The power provided to the motor will be limited
to prevent injuries to the user in case of a possible system malfunction.

2.4 Summary table

Mandatory
Requirement Unit Min. value Opt. value
Travel cm 16 20
Peak velocity cm/s 10 30
Peak acceleration m/s2 5 13
Continuous force N 10 40
Rotational travel ◦ 180 260
Rotational speed ◦/s 150 300
Continuous torque Nm 0.3 0.7
Exchangeable knobs -
End effector locking -
Structural stiffness -

Desirable
Inexpensive
Portableness
Structural stiffness
Additional sensing

Safety
Redundant position sensing
Mechanical stop
Software stop
Emergency stop button
Limited accessibility of dangerous components
Electrical isolation
Motor command limitation

Table 2.1: Requirements quick reference table
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Grasping study

3.1 Introduction

The RHK has a 1:1 knob velocity ratio for the translational DoF, i.e. both knobs
move at the same speed in prehension exercises. This ratio seems appropriate since
it feels natural for subjects using the device and since there is no assigned knob
for the thumb, therefore subjects can quickly switch between left and right hand.
However, it seems that in an unconstrained precision grasping movement the index
finger approaches the grasped item faster than the thumb during the reach-to-grasp
phase of the movement. This makes us wonder whether there is a more appropriate
knob translational velocity ratio which allows the user to experience a more natural
grasping exercise.

The grasping movement has already been deeply studied before. Information re-
garding grip selection, hand velocity, grip aperture, etc. can be found in the liter-
ature [15, 16]. However we are aware of the existence of only one study regarding
individual finger velocity during the reach-to-grasp phase [8]. This paperfits the
MCP, PIP and DIP angle evolution of the four fingers and the CMC, MCP and
IP angle evolution of the thumb over time in a reach-to-grasp movement into a
4th order polynomial. Reconstructing from the polynomial the fingertip velocity
we can see that, according to this study, the thumb moves slower during the move-
ment opening phase and faster during the closing phase, which is highly unintuitive.

In order further investigate finger behavior in a precision reach-to-grasp movement
and to determine a more appropriate knob velocity ratio for the new device we will
conduct a grasping study.

3.2 Materials and methods

Ten subjects, whose ages ranged between 21 and 49 years, with no history of dis-
order in the upper extremities participated in the study. The subjects were seated
with their right hand lying on a table. A cylinder was lying 30 cm in front of the
hand, which the subjects were instructed to reach and grasp, lift it vertically, and
place it back where it was. They could choose to grasp the cylinder either with the
index finger and thumb tip or with the index and mid finger tips and thumb tip.
Each subject grasped 5 different cylinders 10 times. Since items tend to be grasped
from its center of mass [17], the cylinders were placed on a base so that their cen-
ter of mass was 7 cm above the table, which is a normal hand height, in order to
prevent large hand height variations during the reach-to-grasp phase. Additionally,

7



Chapter 3. Grasping study 8

the subjects were asked to grasp cylinders 3 and 4 ten more times with only index
finger and thumb by two spots marked on the cylinders. These trials seek to in-
crease consistency between items and subjects under more restraining conditions if
the consistency found in the unconstrained cases is low.

Cylinder Diameter (cm) Height (cm) Weight (g)
1 0.9 3.2 13
2 2.05 3 9
3 4 6.9 201
4 6.47 2.1 10
5 8.83 3.8 70

Table 3.1: Cylinders characteristics

The subjects were seated in a comfortable position at a table, facing the cylinder.
The starting position of the hand was fixed on the table; the starting pose of the
hand was not since it does not affect the reach-to-grasp movement [18]. Neverthe-
less, the subjects were asked to lay the hand on the table so that the markers faced
upwards and were visible to the recording webcams.

3.3 Data acquisition and processing

The subjects had 1 marker placed on the index finger and thumb tip, and 2 mark-
ers on the hand. The movement was recorded with two webcams: the PS-EYE (50
fps) recorded from the top and the Logitech webcam (25 fps) from the side. The
webcams were placed on a stable bridge attached to the table. The markers were
chosen so that they were highly distinguishable from the hand and the background.
The subjects had also a inertial measurement unit attached to the wrist, whose
information was also recorded during the experiment.

Figure 3.1: Subject grasping a cylinder. Two cameras (red) and a inertial measure-
ment unit (green) were used to record subject performance.

Two different references are considered in this experiment:
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� Global reference: this reference is ’attached to the ground’. The movement
main direction is the Y-axis of this frame. The horizontal direction perpendic-
ular to Y is the X-axis. The vertical direction is the Z-axis. The position and
orientation obtained through marker identification and through the inertial
measurement unit signal are referenced to this frame.

� Hand reference: this reference is attached to the hand. The movement of the
fingertips with respect to this reference is the significant one in order to decide
a knob velocity ratio.

Figure 3.2: Left: subject prepared to begin one grasping exercice. The subject
has 4 markers and an inertial measurement unit attached to the hand. The global
(red) and hand (green) references can be seen. Right: marker tracking done with
LabView. The 4 markers’ position was identified, as well as the hand markers’
orientation.

The hand position (x, y and z coordinates) and orientation in space (x and z angles)
in the global reference could be deduced from the hand markers’ position and orien-
tation. The fingertip position (x and y coordinates) in the global reference could be
deduced from the finger’s markers. The markers were tracked using LabView. The
y angle of the hand was known from the information of the inertial measurement
unit. In order to know the height (z coordinate) of the fingertips one of the two
following assumptions had to be made:

1. Z of fingertips with respect to the hand reference equals 0; OR

2. Z of fingertips with respect to global reference remains constant during the
reach-to-grasp phase (preferred if center of mass of object is at ca. 7cm from
table).

The second assumption is chosen since hand height variations were small due to the
tendency of people to grasp an item by its center of mass [17] and to the cylinders’
center of mass being 7 cm above the table.

From the index finger and thumb tips position and the hand pose in the global
reference frame, the tip positions in the hand reference is calculated and it is then
differentiated to obtain the tips velocity with respect to the hand. The reach-to-
grasp closing phase is determined from the index finger and thumb x-coordinate
with respect to the hand. This phase is the one studied to determine the knob
velocity ratio, since it is the most important towards rendering realistic interaction
with virtual objects. In particular, we are interested in the x-coordinate velocity
of the fingertips with respect to the hand. In order to determine the velocity ratio
a line Vi = m·Vt (being Vi the index finger tip velocity in the x direction, Vt the
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thumb tip velocity in the x direction and m the ratio) is fitted for each subject and
item, taking into account only the points (frames captured by the cameras) of the
10 trials which belong to the closing phase of the reach-to-grasp movement and in
which the tips velocity is significant (greater than 2 cm/s for index and 1 cm/s for
thumb). Note that the line is forced to pass through the origin and the regression
minimizes the squared errors.
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Figure 3.3: Fitted line between index finger and thumb tip velocity for one subject
and item. Each of the ten individual trials is plotted with a different colour.

3.4 Results

The marker identification for two of the 10 subjects was particularly bad. It is
believed that these subjects skin color made the tracking more difficult. These sub-
jects’ data is therefore not taken into consideration for the results. In the case of
the other 8 subjects, separation of the fingertips at the end of the reach-to-grasp
movement is, according to the data, ca. 1 cm bigger than the grasped item diame-
ter. This is to be expected since the markers were approximately half a centimeter
away from the fingertip, and confirms the data accuracy.

The index finger and the thumb stop opening and start closing at a different times
during the reach-to-grasp movement. This shows that the movement is not sym-
metric, and was also observed by S. Bae and T. J. Armstrong [8].

The mean of the calculated velocity ratios is -2.03; however the deviation from the
mean is not symmetric: while ratios of 3:1 and even 4:1 were observed, which is a
deviation of -2 from the mean, the maximum observed positive deviation from the
mean is +0.85 with a movement ratio of 1.15:1. The calculated velocity ratio seems
independent from the grasped item diameter or hand size; although a tendency for
the slope value to increase when the grasped item was heavier has been observed.
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Figure 3.4: Fitted line slope histogram. It can be appreciated that the slope distri-
bution is not Gaussian.
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Figure 3.5: Slope value vs item diameter (left) and weight (right). The mean slope
value for each item is plotted by black circles.

3.5 Discussion

Different subjects show different behaviours: the slope/item size relation can be
positive, negative or non-existent for one subject. However it seems that there is
a negative relation between slope and item weight (the heavier the item, the more
negative the slope and therefore the faster the index finger tip moves compared to
the thumb tip). Unfortunately, most of the items in this study had similar weights
which compromises the validity of this conclusion.

It is clear that index finger moves faster than thumb in the reach-to-grasp phase.
The slope mean is approx. -2, which means that the index finger moves approxi-
mately twice as fast as the thumb finger in the reaching phase. Therefore a 2:1 knob
movement ratio for the new device seems much more appropriate than the current
1:1 ratio for the reach-to-grasp phase of the exercise, especially since in none of
the trials the movement ratio is 1:1. However, implementing a 2:1 ratio could have
drawbacks when the user is interacting with certain virtual objects: for example,
a virtual spring would feel twice the stiff for the thumb (slower knob) than the
index finger (faster knob). These kind of effects would totally destroy the haptic
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illusion and therefore prevents the device from accurately rendering items with a
certain stiffness or damping coefficient. To avoid this problem an extra actuator
could be placed to control independently each knob and force a 2:1 ratio during the
reach-to-grasp phase and a 1:1 ratio during virtual item interaction. Finally, and
due to the increase in cost and complexity of adding and extra actuator and since
the 1:1 ratio works well for the RHK, the 1:1 ratio will be implemented in the new
device.



Chapter 4

Actuation

In this chapter the motor and transmission for each of the device’s DoF selection
procedure is presented.

4.1 Previous considerations

In order to better meet the requirements previously stated in chapter 2, the following
guidelines are considered for the actuation selection.

4.1.1 Control structure

Haptic devices are often controlled with one of the following structures:

Impedance control In this case the controller reads the end-effector motion and
outputs a force. This control strategy works well with naturally transparent
devices. It consists of a single motion control loop.

Admittance control The admittance controller reads the force exerted by the
user and outputs a motion as a response. This scheme consists of two loops:
the outer force —or torque— loop in which the admittance controller is found;
and the inner motion loop which imposes the device the desired motion from
the admittance controller.

In chapter 2 it is stated that the necessary forces and torques are relatively large,
which requires non-backdriveable or low transparency devices. The impedance con-
trol scheme works best with naturally transparent devices and often requires a fast
control loop implemented through a real time system. The admittance control
scheme works well with low transparency devices and can afford to have a slower
outer loop implemented through smaller and cheaper systems such a laptop. Fur-
thermore, the admittance scheme directly integrates the measured interaction force
in the control loop. Because of these reasons both of the device’s DoFs will be
controlled with an admittance control scheme.

4.1.2 Outer loop sampling frequency effect in the admittance
control scheme

In order to better understand the effects of the outer loop sampling frequency in
an admittance control scheme on the device an experiment was carried out. An
admittance control scheme consisting of two loops is implemented to control the
HapticPaddle. The inner is a velocity loop with a tachometer as the sensor and a
Maxon LSC 30/2 servoamplifier as a motor driver. The LSC was tuned only at the

13
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Figure 4.1: Impedance (above) and admittance (below) control schemes.

beginning of the experiment. The outer is a force loop closed by a PC, which reads
the force sensor signal and commands the LSC through the DaQ system. The outer
loop gain is determined by the parameter m, which can be conceptually understood
as the apparent mass the user feels.

In this experiment a National Instrument PCI-6321 card and a National Instrument
USB-6008 module are used as data acquisition systems for the PC. The system
haptic performance is compared when the outer control loop has different sampling
frequencies and runs with different DaQ systems.

Maxon LSC

PC

PID
Haptic 
paddle

UserSensor Force

Tachometer

1/S Desired velocity1/m

Figure 4.2: Right: the Haptic Paddle. Left: admittance control scheme imple-
mented for the experiment.

Two different experiments were carried out: large and small apparent mass:

Small apparent mass

In this case the device is made as transparent as possible, i.e. small values for m
are selected so that the user needs to exert almost no force to move the device. The
smallest possible values without making the system unstable are:
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DaQ system Outer loop sampling frequency (Hz) Smallest m (kg)
PCI 1000 0.01
PCI 200 0.02
USB 200 0.02

Table 4.1: Smallest achievable m values for different DaQ and outer loop frequencies

To measure the performance, the user force and device velocity were recorded and
compared in four cases:

DaQ system Outer control frequency (Hz) m (kg)
PCI 1000 0.01
PCI 1000 0.02
PCI 200 0.02
USB 200 0.02

Table 4.2: Control frequency and m value combinations used in this experiment.

The relationship between force and velocity is plotted in figure 4.3. It is obvious from
the graph that performance does not directly depend on the sampling frequency,
but only on the parameter m. However, greater sampling frequencies allow smaller
values of m before the system becoming unstable. Therefore the outer loop sampling
frequency affects the haptic performance indirectly by allowing higher loop gains.
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Figure 4.3: Force-velocity ratio vs frequency in the HapticPaddle for different con-
trol parameters and m values

Large apparent mass

In this case a large value of m was selected, making the outer loop gain virtually
0. The HapticPaddle felt immovable independently of the DaQ system and control
frequency.
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4.1.3 Motor speed and torque constant

All the DC motors have a force constant, Kf , and a speed constant, Kv. Given a
power capable of delivering a voltage U and a current I the available speed, V, and
force, F, at the motor output are:

V = U ·Kv

F = I ·Kf (4.1)

This device requires relative high forces and torques and low speeds; therefore a
high force constant at expense of a low speed constant in a motor is preferred.
These motors are usually rated at a high voltage; thus high rated voltage motors
should be selected even if the motor is supplied with a voltage below its nominal.

The analogue conclusion can be reached for rotational motors and its rotational
speed and torque constant.

4.1.4 Position bandwidth

Many performance tests were carried on the RHK, including a position and force
bode plot for the translational DoF. For the former the knobs were free and the
position read by the encoder, at the motor level; for the later the knobs were fixed
and the force read by the force sensor, at the knob level. Comparing both bode
plots one realizes that the amplitude drop of the former occurs sooner than the one
of the later. One might think that the position amplitude drop occurs because of
the gearhead backlash or the timing belts elasticity; however this is not true since
the position measurement is done at the motor level, i.e. the backlash and elasticity
effects are not present in the graph. The early amplitude drop is then caused by
mechanical inertia: the motor can’t accelerate fast enough itself and all the compo-
nents after it (gearhead, shaft, knobs. . . )
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Figure 4.4: RHK position (left) and force (right) bode plots.

To better understand the impact of inertia and transmissions the following scenario
is assumed: a rotational DC motor with inertia Im tries to accelerate as fast as
possible a stationary end-effector with inertia Ie to a rotational speed ωe rad/s. A
perfect transmission of coefficient N:1 is placed between the motor and the end-
effector. The motor exerts its maximum peak torque, τm, until the end-effector
reaches the final speed. Friction and damping forces are neglected (for a study with
damping forces included see appendix C).
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The motor shaft turns an angle αm during the movement which follows the equation:

α̈m(t) =
τm

Im +
Ie

N2

(4.2)

Integrating with respect to time, the motor speed is:

α̇m(t) =
τm

Im +
Ie

N2

· t (4.3)

and the end-effector speed is:

α̇e(t) =
α̇m(t)

N
=

τm

Im ·N +
Ie

N

· t (4.4)

The time, T, required to reach the final end-effector speed ωe can be calculated
from α̇e(T ) = ωe. The expression for T is:

T =
ωe
τm

(
Ie
N

+ Im ·N
)

(4.5)

Integrating equation 4.4, the end-effector turned angle is:

αe(t) =
1

2
·

τm

Im ·N +
Ie

N

· t2

and the angle turned during the acceleration time:

αe(T ) =
1

2
· ω

2
e

τm

(
Ie
N

+ Im ·N
)

(4.6)

The final energy of the system is:

Em =
1

2
· ω2

e · Ie +
1

2
· (ωe ·N)2 · Im

Minimizing the required acceleration time, T, will increase the position bandwidth
of the system and enhance its overall haptic performance. In adittion, minimizing
the end-effector displacement will allow the device to render more realistic virtuall
walls. The motor and end-effector inertia both increase the time and end-effector
displacement; therefore the used components should have as low inertia as possible.

The motor peak-torque is also important: it should be large to minimize T and the
end-effector displacement. However, motors with high torques tend to be more ex-
pensive, demand a higher voltage and current and have higher shaft inertia, which
conflicts the low inertia statement. This should also be taken into account when
selecting the motor.

There exists a transmission coefficient N which minimizes both time and end-effector
displacement for given peak-torque and end-effector and motor inertias. Taking the
derivative of equation 4.6 or 4.5 with respect to N and equaling it to 0, it can be
seen that the optimal coefficient is
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N =

√
Ie
Im

(4.7)

This can be conceptually understood as follows: if the end-effector is heavy, a large
N is necessary to reduce the inertia seen by the motor that the end-effector causes.
However, if the end-effector is light, the motor inertia becomes more significant and
a small N is necessary so that the motor doesn’t turn too fast to achieve the desired
end-effector speed, ωe. It can also be seen from figure 4.5 that smaller than the
optimal values of N are worse in terms of acceleration time than larger than the
optimal ones.
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Figure 4.5: Time necessary to accelerate the end-effector vs transmission coefficient
for arbitrary values of Ie, Im, τm and ωe. The acceleration time vs transmission
coefficient curve has the same aspect for any value of Ie, Im, τm and ωe, although
the optimal value of N and the time necessary to accelerate will vary.

The tranmission coefficient, however, plays also an important role in the available
torque and speed at the end-effector: for a selected motor, a high transmission co-
efficient makes the available torque large and the available speed small, and vice
versa. One should check when selecting a tranmission that the achieved force and
speed outputs are enough as well as that the tranmission coefficient, N, is close to
the optimal stated in equation 4.7.

Note that if a third component of inertia I3 was present and placed between the mo-
tor and transmission, the effect of I3 on time and end-effector displacement would
be multiplied by N; while if it was placed between the transmission and end-effector,
the effect of I3 would be divided by N.

As a summary, in order to increase the system’s position bandwidth:

� Reduce the components’ inertia

� Select high peak-torque motors

� Select tranmission coefficient N close to optimal making sure that available
torque and speed are enough
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� Place as few components between the motor and the transmission as possible

If the end-effector doesn’t rotate but moves linearly, rotational speed would become
linear speed ve, inertia Ie would be mass me, the transmission would be rotational
to linear transmission (see page 24 for a more detailed explanation) and the same
conclusions can be reached.

4.1.5 Backlash

Some transmission components suffer from backlash. Backlash causes a non-linearity
in control loop which may compromise haptic performance, especially if the user
is able to perceive the play, and also by reducing the device position and force
bandwidth. Thus, low backlash transmission must be selected when possible.

4.2 Motor controller and amplifier

The admittance control structure defined in page 13 requires a PC or laptop to
record the user’s performance and provide the visual component of the virtual reality
and the following 4 subsystems:
Different hardware components to implement these subsystems, except for the PC,
are presented and discussed below.

DAQ

The DaQ system acts as an interface between the PC and the robot. In our case
the analog inputs and outputs are the most important characteristic because most
of the signals in the robot will be analog. Four different options are presented for
the DaQ system:

� NI PCIe-6321: This PCI card has 16 16-bit resolution ± 10 V analog inputs
and 2 analog ± 10V outputs. Price: CHF 1257.

� NI USB-6008: This module has 8 11-bit resolution ± 10 V analog inputs and
2 analog 0-5V outputs. It communicates with the PC through a USB cable.
Price: CHF 206.

� Arduino Mega 2560: This microcontroller has 16 10-bit resolution 0-5V analog
inputs, and no analog outputs. It communicates with the PC through a USB
cable. Price: CHF 75.

� NI sbRIO-9623: This embedded controller has 16 12-bit 0-5V analog inputs,
and 4 0-5V outputs. It communicates with the PC via Ethernet. Price: CHF
1500.

Outer controller

The controller for the outer loop in the admittance scheme. In this case, the main
concern is how fast the outer loop can run: In the previous considerations it was
shown that a faster outer loop allowed greater apparent transparency for the device.
Three options are presented in this case:

� PC: The PC or laptop used for performance recording can act as the outer
controller. In this case the outer loop speed is limited by the DaQ system:
1kHz for the PCI card, and 200Hz for the USB module.
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� Arduino Mega 2560: The Arduino microcontroller can also act as the outer
controller. In this case the outer loop speed is limited by the processing
capabilities of the Arduino Mega 2560. Price: CHF 75.

� NI sbRIO-9623: The sbRIO embedded controller can also act as the outer
controller. The outer loop speed is limited by the processing capabilities of
the controller. This device is also capable of real-time processing. Price: CHF
1500.

Inner controller

The controller for the inner loop in the admittance scheme. Again, the main concern
is how fast the inner loop can run. This loop should be faster than the outer loop.
Five different options are presented:

� PC: The PC or laptop used for performance recording can act as the outer
controller. In this case the inner loop speed is limited by the DaQ system:
1kHz for the PCI card, and 200Hz for the USB module.

� Arduino The Arduino can also act as the inner controller. In this case the
inner loop speed is limited by the processing capabilities of the Arduino Mega
2560. Price: CHF 75.

� NI sbRIO-9623 The sbRIO embedded controller can also act as the inner
controller. The loop speed is limited by the processing capabilities of the
controller. This device is also capable of real-time processing. Price: CHF
1500.

� Maxon ESCON 36/2: Tthe Maxon ESCON motor driver can act as the inner
controller. In this case the inner loop speed is 5.36kHz. Price: CHF 167.

� Maxon LSC 30/2: The Maxon LSC 30/2 motor driver can act as the inner
controller. In this case the inner loop speed is 2.5kHz. Price: CHF 189.

Motor amplifier

The motor amplifier is the power supply device for the motor. The amplifier out-
put voltage and current as well as the necessary input voltage are the important
parameters in this case. Four different options are presented:

� Maxon ESCON 36/2: The Maxon ESCON motor driver has a PWM-amplifier
capable of supplying to the motor up to 34V and 2A (4A for 60s). Price: CHF
167.

� Maxon LSC 30/2: The Maxon LSC 30/2 motor driver has a linear amplifier
capable of supplying to the motor up to 25V and 2A. Price: CHF 189.

� Haptic-paddle amplifier: The linear amplifier designed by RELab and used in
the HapticPaddle can be adapted and used in this device. It can provide up
to 24V and 2A to the motor. Price: CHF 40.

� H-bridge: Four transistors in an H-bridge configuration can be used to drive
the motor through a PWM signal. Many different models with different nom-
inal voltage and current can be found in the market. Price: CHF 10-40.
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Discussion

The NI sbRIO embedded controller can be easily used as the DaQ, outer and even
inner controller. It can be programmed via LabView, which makes the program-
ming easier, and its real-time processing capabilities can provide good control per-
formance. Despite these advantages, its price is too high for this application, thus
this controller will not be further considered.

Although the PCI card offers the best I/O characteristics and —if the loops are
closed through the PC— best outer and inner loop performance, its high price and
the fact that it cannot be used in a laptop, which completely opposes the device
portableness requirement, makes this device to be not further considered.

Using the Arduino as the DaQ system and to close the outer loop is a cheap solution
which provides fast outer loop speeds but it is no longer considered because of the
poor I/O characteristics and the necesity to be programmed.

Taking into account the above stated, the combinations left are below displayed and
discussed:

� Option 1: NI USB-6008 for the DaQ, PC for the outer control, ESCON for
the inner control and amplifier.

� Option 2: NI USB-6008 for the DaQ, PC for the outer control, LSC for the
inner control and amplifier.

� Option 3: NI USB-6008 for the DaQ, PC for the outer and inner control,
Haptic-Paddle amplifier.

� Option 4: NI USB-6008 for the DaQ, PC for the outer and inner control,
H-Bridge amplifier.

Feature Option 1 Option 2 Option 3 Option 4

Input voltage1(V) 25 29 48 24

Voltage regulator PWM Linear Linear PWM

Output current (A) 4 2 2 4

Inner loop manual design No No Yes Yes

Faster inner than outer loop Yes Yes No No

Price (CHF) 374 396 246 236

Table 4.3: Best 4 motor controller and amplifier combinations comparison

The first option, despite being the second most expensive, is clearly better: it re-
quires a low input voltage; can provide up to 4 A to the motor during 60 s, which
will help the device accelerate fast when needed; it is easy to implement since only
the outer loop needs to be programmed and it can be done with LabView; and
the ESCON is tuned by a computer, and therefore it is easy to know the exact
parameters of the controller. Furthermore, and because the Maxon LSC 30/2 is
no longer produced, RELab has to familiarize with the ESCON and this is a good
opportunity to do so.

1Input voltage necessary for 24V output
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While one single PC and NI USB-6008 can be used in the control of both DoFs,
the Maxon ESCON can drive only one motor; therefore a laptop, a NI USB-6008
and two Maxon ESCON 36/2 will be used to control and drive both DoFs.

4.3 Actuators

Several different motor types are available in the industry. In this section the mo-
tors’ general characteristics are presented and reviewed and the best kind of motor
for the device is chosen.

The following parameters are especially important for the actuator selection and
are taken into account:

� Force/torque constant: measured in N/A or Nm/A, it is the constant relating
current absorbed by the motor and output force or torque. The required forces
in this application are large, especially when rendering virtual walls since the
device needs to stop the knobs very fast; therefore a high current constant is
needed to be able to produce the large necessary forces from a limited current
source.

� Speed constant: measured in (m/s)/V or rpm/V, it is the constant relating
voltage at the motor terminals and output speed. Although the required
velocities are not large in this case, the motor has to be able to reach them
from the available voltage.

� Peak/continuous force ratio: it is the ratio between a motor peak and con-
tinuous force or torque. A motor selected to meet the continuous force or
torque required at the knobs (see requirements) and with a high peak/contin-
uous force ratio will have a large peak force available to render virtual walls.
Therefore a high peak/continuous force ratio is preferred.

� Motor inertia: measured in Kg or Kg·m2, it is the motor resistance to be
accelerated. A low inertia motor increases the position bandwidth of the
system as described in page 16 and is able to better render haptic illusions
such as virtual walls.

� Price

4.3.1 Translational DoF

For the translational DoF actuation rotational and linear motors are considered:

Linear motors

Linear motors seem to be more appropriate a priori for the translational DoF than
a rotational motor since the rotational to linear motion and force transformation is
not necessary. This advantage is lost as soon as a linear reduction is used, therefore
these motors will be considered only without reduction.

� Rod type: This motor consists of a rod (slider) filled with magnets, and the
base (stator) with coils. The operating principle is the same of a brushless
DC motor. This motor includes an encoder. The motor low force constant
limits the available force. In addition, the peak and continuous force ratio is
low which compromises the virtual wall rendering.
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� Slider type: This motor consists of a T-shaped coil unit (slider) inserted in
a U-shaped magnet yoke (stator). The operating principle is the same of a
brushless DC motor. This motor includes an encoder. The motor low force
constant limits the available force. In addition, the peak and continuous force
ratio is low which compromises the virtual wall rendering.

Rotational motors

Rotational motors, despite needing in this case rotational to linear force and mo-
tion transformation, present the advantage of motor adaptability through selectable
rotational reduction type.

� Brushed DC motor: This motor consists of a coiled shaft (rotor) and a base
(stator) with magnets. The motor has a high torque constant and peak con-
tinuous torque ratio. In addition, the speed constant is high enough.

� Brushless DC motor: This motor consists of a shaft (rotor) with magnets and
a coiled base (stator). It includes an encoder. The motor low torque constant
limits the available force. The speed constant is high enough by far.

Motor Type
Force/torque Peak/continuous Rotor

constant ratio mass/inertia

LinMot
P01-37x120

Rod 17 N/A 2.7 (136/51) 510 g

Tecnotion
UM3 N

Slider 36.5 N/A 3.5 (100/29) 84 g

Maxon RE 25 Brushed 53.8 mNm/A 7.6 (243/32) 13.9 g· cm2

Maxon EC 13 Brushless 5.5 mNm/A 15.6 (62.5/4.63) 0.255 g· cm2

Table 4.4: Examples of each actuator type and its characteristics.

The brushed DC motor is clearly the best option in this case: high torque constant,
very high peak/continuous torque ratio, low inertia and cheap.

4.3.2 Rotational DoF

For this DoF the linear motors presented above lose their advantages, and only the
previously presented rotational motors are considered. Therefore the brushed DC
motor is again the best option.

4.4 Transmission

4.4.1 Rotational DoF

The rotational DoF will be actuated by a rotational motor. The motor cannot
provide by itself the required torque, therefore a reduction is needed. Since the
motor already provides rotational movement and torque, only rotational reductions
are considered. In table 4.5 the main characteristics of 4 different reduction systems
are presented, and in table 4.6 an example of each tranmission type is presented.



Chapter 4. Actuation 24

Component
Reduction
coefficient

Inerta Backlash Backdrivable

Gearhead 2 - 4000 Low Yes Yes
Worm & wheel 5 - 80 Very high No No
Harmonic drive 30 - 100 Medium No No

Timing belt 1 - 8 2 Low No Yes

Table 4.5: Transmission type and its characteristics

Component
Inertia

(kg mm2)
Backlash (◦) Weight (g) Price (CHF)

Gearhead Maxon GP 32 A 0.08 0.8 160 160
Worm & wheel HPC P20 236 0.5 180 272
Harmonic drive HFUC 14 3.3 - 500
Timing belt Maedler AT 5 0.48 - 90 80-110

Table 4.6: Examples of each transmission type

Discussion

Due to their high inertia and price, the worm and wheel and the harmonic drive
systems are not further taken into consideration. Either the gearhead or the belt
and pulleys systems, or a combination of the two, will be therefore used as the
rotational reduction.

4.4.2 Translational DoF

The translational DoF will be actuated by a rotational motor; therefore a system
which transforms rotational into linear speed and torque into force is needed. Con-
sidering the system ideal, the following relationships hold:

Fout = Nrl ·Min

Vout = ωin ·Nrl
Where Fout and Vout are the output force and velocity, Min and ωin the input
torque and velocity, and Nrl (rad/m) is the transmission constant of the system.
This system will be called as the rotational to linear transmission. One example
of this type of transmission can be found in the RHK: the pulley and belt system
which drives the knobs translational DoF. It is easy to see for this transmission that
Nrl = 1

r , being r the pulley radious.

In addition to the rotational to linear transmission, one may consider one of the
rotational reductions presented in the previous section, or a linear reduction be-
fore and after, respectively, the rotational to linear transmission. They obey the
following equations:

Mout = Nr ·Min; ωout =
ωin
Nr

Fout = Nl · Fin; Vout =
Vin
Nl

Where Nr is the rotational reduction constant (rad/rad) and Nl the linear reduction
constant (m/m). A gearhead is an example of the former; while a pulley combination
is an example of the later. It is clear that when a rotational and a linear reduction

2Available reduction per stage. Stages can be chained to achieve greater reduction
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are used with a rotational to linear transmission, the overall transmission constant
becomes

N = Nr ·Nrl ·Nl (rad/m)

In order to have an estimation of the necessary transmission coefficient, the Maxon
RE 25 20W 48V motor, which has 32 mNm maximum continuous torque and 4248
rpm at 24V, is taken as a reference. Then, the necessary overall transmission to
meet the minimum and optimal requirements stated in chapter 2 is calculated.

Minimum requirements:

� Max cont force: 10 N of 0.032 ·N ≥ 10→ N ≥ 312.5 rad/m

� Max speed (at 24V) of 10 cm/s: 4248·2Π
60·N ≥ 0.1→ N ≤ 4448 rad/m

Optimal requirements:

� Max cont force of 40 N: 0.032 ·N ≥ 40→ N ≥ 1250 rad/m

� Max cont force of 200 N: 0.032 ·N ≥ 200→ N ≥ 6250 rad/m

� Max speed (at 24V) of 30 cm/s: 4248·2Π
60·N ≥ 0.3→ N ≤ 1482 rad/m

Note that the Maxon RE 25 20W motor is too small to meet the 200N continuous
force and the maximum speed requirements; a more powerful motor with a different
overall N would be needed. Therefore, the final value of N will depend on the motor
and transmission selection, but it will be roughly between 1000 and 1500 rad/m.
The transmissions below studied will aim for this range of transmission coefficient.

Now that an approximate value of N is known, the different possible transmission
systems are presented and discussed.

Thread and pulley combination

Through a thread attached to the motor and a metallic cable, it is possible to
drive the knobs. The rotational to linear transmission achieved is in this case 1/r
(rad/m), being r the thread radius. The radius is 0.5cm, therefore a combination
of 6 pulleys, which act as a 6:1 reduction, is used to achieve 1200 rad/m. Note
that these pulleys act as a linear reduction because they transform linear speeds
and forces, not rotational speeds and torques. This design presents, however, the
following disadvantages:

� Each pulley moves at different speed, therefore one bearing is needed for each
one.

� Each knob should have two combinations of pulleys since each combination
can only exert pulling force. In total 24 bearings are required only for the
knobs.

� The metallic cable may get loose with time, thus compromising the device
performance.

� For each turn of the thread, the knob moves 0.52cm. At least 8/0.52 = 16
turns need to be made. The thread lead is 1 mm, therefore the metallic cable
will move through the thread 16 mm and the angle between the metallic cable
and the pulley next to the motor will greatly depend on the knob position.
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Figure 4.6: Thread and pulley combination (left) and crank and rod (right) con-
cepts.

Thread and rotational reduction

As the case before, a thread attached to the motor and a metallic cable are used
in this case to drive the knobs. However, the 6:1 reduction is now a rotational
instead of linear reduction achieved by, for example, a gearhead. This design has
the following disadvantages:

� Each knob should have two pulleys since each can only exert pulling force,
which requires 4 bearings.

� The metallic cable may get loose with time, thus compromising the device
performance.

� For each turn of the thread, the knob moves 3.14cm. At least 8/0.3.14 = 2.54
turns need to be made. The thread lead is 1 mm, therefore the metallic cable
will move through the thread 2.5 mm and the angle between the metallic cable
and the pulley next to the motor will depend on the knob position.

� The rotational reduction device can be expensive.

Rotational to linear via crank and connecting rod

A rotational to linear strategy following the crank and connecting rod concept is
possible. A diamond shaped stiff component is attached to the motor, with one rod
ending attached to each of the further corners. The rod other ending is attached
to the knob, which slides on a rail. The angle alpha is limited to ±45◦ so that the
force on the rod is not excessive. In this case, a rod of 7cm is needed, with the end
attached 6cm away from the motor axis, to have a reasonable travel.

While this system is easy to manufacture, its reduction depends on the knob posi-
tion: the reduction varies from 10 to 100 rad/m. Although this reduction variation
could be taken into account and fixed through control, this is a major drawback of
this system. Furthermore, a rotational reduction of approximately 40 is necessary
to achieve an overall reduction of 400-4000 rad/m. In addition, the vertical forces
exerted on the rail can be of up to 165N for a 100N horizontal force, which will
likely damage the rail.

Timing belt and timing pulleys

A pulley driving a belt is used in this case as the rotational to linear transmission.
The pulley is attached to the motor shaft and the belt to the knob, which slides on
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a rail. To avoid belt and pulley slipping, a common phenomenon in regular belts,
a toothed belt is needed. The rotational to linear transmission is 1/r. In this case
the radius of the pulley is at least of 1cm thus a rotational reduction of at least 13
is considered between the motor and the pulley. This system present the following
characteristics:

� Only two bearings are needed.

� The timing belts may present elasticity, which may compromise the device
haptic performance.

� The rotational reduction can be expensive.

Discussion

The thread and pulley combination and the crank and connecting rod tranmissions
are directly discarted because of their big disadvantages. The timing belt and timing
pulleys system is preferred over the thread and rotational reduction since the former
only needs 2 bearings, and the issues with the metallic cable of the later can affect
the device lifetime and haptic performance. Therefore, for the rotational to linear
transmission the timing belt and timing pulleys system will be used with one of
the two rotational reductions selected in the previous section, i.e. timing belts or
gearhead.

4.5 Motor and transmission decission

The actuators will be brushed DC motors, the rotational to linear tranmission will
be done by a timing belt and timing pulleys, and the rotational reductions will
be gearheads and timing belts and pulleys. To select the exact components a few
possible combinations of the best fitting available models are compared for each
DoF. It is assumed for the following calculations that the motor amplifier is capable
to provide 24 V and 2 A to each motor.

4.5.1 Translational DoF

It has already been discussed that the translational DoF actuator will consist of
a brushed DC motor, a rotational reduction, and the pulleys and timing belt ro-
tational to linear transmission described in section 4.4.2. In order to select the
motor used, the rotational reduction used and the rotational to linear transmission
coefficient the following parameters of the combinations are presented in table 4.5.1:

� Transmission ratio. The transmission ratio which best meets the demands of
available forces and speeds. The rotational reduction value (rad/rad) is first
presented; the second value corresponds to the rotational to linear transmis-
sion (rad/m).

� Deceleration time: it is the time it would take the motor to stop the knobs if
they are moving at 10 cm/s. In this calculation the motor inertia, gearhead
and/or timing pulleys inertia and knobs mass have been taken into account.
The torque provided by the motor in this calculation is limited by the available
current —supposed to be 2 A— as well as the motor and gearhead maximum
admissible torque. To see the effect of the available current, the deceleration
time with an available current of 4 A instead of 2 A has also been calculated
and is presented between brackets. Although the value displayed may not be
entirely accurate, it provides valuable information to compare the different
proposed combinations.
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� Available force: this is the available force at the knobs. Two different values
are calculated here

– Continuous is calculated directly from the motor maximum continuous
torque. It should meet the available continuous force requirement of
chapter 2.

– It is likely that the motor exerts different torques over different periods
of time during a rehabilitation exercise. If a motor exerts a torque Mi

during ti seconds, the equivalent torque can be calculated with:

Meq =

√√√√√√√
∑
i

M2
i · ti∑

i

ti

”In half duty” value is calculated from the maximum torque, M1, that
the motor can exert so that the equivalent torque is below the motor
maximum continuous torque and assuming that t1 = 50, t2 = 50, and
M2 is half of the motor maximum continuous torque.

The torques used to calculate the available forces are always limited by the
available current: 2 A.

� Maximum speed: this is calculated from the velocity the motor can achieve
when 24 V are applied at its terminals. It should meet the speed requirement
of chapter 2.

� Backlash: the amount of backlash, in mm, the user can feel at the knobs.

� Decoupled DoFs: this is whether the two DoF of the device are mechanically
decoupled, i.e. each motor effects one and only one of the two DoF. In the case
of the RHK the two DoFs are decoupled. To achieve this the translational DoF
motor has to turn at the same speed than the knobs when the rotational DoF
is excited3. Therefore the rotational DoF motor has to turn both the knobs
and the translational DoF motor to achieve mechanical DoF decoupling. If
the two DoF are not mechanically decoupled, they would need to be decoupled
by control.

� Price: it includes the motor and rotational reduction price.

In table 4.8 the total inertia felt by the motor and the components causing it are
presented to better understand the different deceleration time values.

The following brushed DC motors are considered and compared:

� Maxon RE 25 339156. This 20 W motor would be enough to drive the trans-
lational DoF. Its nominal voltage is 48 V and its torque constant its very high;
therefore it is capable of exerting high torques from limited currents.

� Maxon RE 25 118756. This 20 W motor is very similar to the previous one,
with the exception that its rotor has less inertia.

� Maxon RE 30 310009. This 60 W motor can provide a much higher continuous
and peak force than the ones presented before, at the cost of more weight,
size and price. Its nominal voltage is also 48 V to obtain high torques from
limited currents.

3Mechanical decoupling can also be achieved without attaching the linear DoF motor to the
front structure by means of a differential; but it would complicate the design and add several
backlash to the system
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The possible rotational reductions are:

� Maxon GP 32 A 166158. This standard planetary gearhead has a reduction
of 14:1 and it is able to withstand the peak torques the motor may exert.

� Maxon GP 32 BZ 358331. This gearhead has a reduction of 19:1 and it has
significantly less backlash than the GP 32 A.

� Timing belts and pulleys. The rotational reduction is done in this case through
a timing belt transmission. Since a 12:1 reduction is not implementable in one
stage —the driven pulley would be too large— a 4:1 and a 3:1 stage are used
instead.
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Motor Transmission ratio Deceleration
Force (N)

Max speed Backlash (mm) Decoupled Price (CHF)
(ms) Continuous In half duty (cm/s)

RE 25

GP 32 A 14:1,
1:1

1.8 (1.1) 44.8 59.3 31.8 0.14 Yes 375.9

GP 32 BZ 19:1,
0.67:1

2.2 (1.2) 40.5 53.6 35.1 0.09 Yes 504

Timing belt 4:1,
3:1, 1:1

3 (1.4) 38.4 50.8 37.1 - No 296

RE 25

GP 32 A 14:1,
1:1

1.4 (0.92) 35.3 46.7 36.2 0.14 Yes 414.9

GP 32 BZ 19:1,
0.67:1

1.8 (1.2) 37.2 49.3 34.3 0.09 Yes 543

Timing belt 4:1,
3:1, 1:1

3.5 (2.2) 35.3 46.7 36.2 - No 335

RE 30

GP 32 A 14:1,
1:1

3.7 (2.2) 123.5 150.6 32.0 0.14 Yes 449.9

GP 32 BZ 19:1,
0.67:1

4.5 (2.9) 111.7 136.3 35.32 0.09 Yes 578

Timing belt 4:1,
3:1, 1:1

5.5 (2.6) 105.8 129.1 37.3 - No 370

RHK GP 42 C 12:1,
1:1

- 88 - 52 0.14 Yes -

Table 4.7: Translational DoF actuator and transmission performance
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Motor Transmission Motor shaft Gearhead shaft or
timing belts

Knobs mass Tachometer Rotational to
linear transmission

Total (kg mm2)

RE 25

GP 32 A 70% (1.39) 4% (0.08) 10% (0.2) 15% (0.3) 0.4% 1.98

GP 32 BZ 69% (1.39) 4% (0.075) 12% (0.25) 15% (0.3) 0.5% 2.02

Timing belt 56% (1.39) 20% (0.48) 11% (0.28) 12% (0.3) 0.42% 2.46

RE 25

GP 32 A 64% (1.04) 5% (0.08) 13% (0.2) 18% (0.3) 0.5% 1.63

GP 32 BZ 62% (1.04) 4.5% (0.075) 15% (0.25) 18% (0.3) 0.6 % 1.67

Timing belt 49% (1.04) 23% (0.48) 13% (0.28) 14% (0.3) 0.5% 2.11

RE 30

GP 32 A 85% (3.45) 2% (0.08) 5% (0.2) 7% (0.3) 0.2% 4.04

GP 32 BZ 84% (3.45) 2% (0.075) 6% (0.25) 7% (0.3) 0.2% 4.08

Timing belt 76% (3.45) 11% (0.48) 6% (0.28) 7% (0.3) 0.2% 4.52

Table 4.8: Contribution of each component in percentage and kg mm2 to the inertia felt by the translational DoF motor
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Discussion

All the RE 30 combinations have a much greater available continuous force but also
a very longer deceleration time compared to the RE 25. This may seem confusing
but the cause is the available current: 2 A are enough for the RE 30 to exert its
maximum continuous torque. The RE 30, being a more powerful motor than the
RE 25, has a greater maximum continuous torque and this is reflected in the con-
tinuous force value. However, 2 A are far from enough for the RE 30 to produce its
maximum peak torque, and the RE 30 shaft has 3 times more inertia compared to
the RE 25; which results in a big motor below its maximum capacity decelerating
a big load, hence the increased deceleration time. To solve this it is possible to in-
crease the motor amplifier available current and increase the gearhead size so that
it withstands the larger torques. This would however result in a significant price
increase and the RE 30 combinations are therefore rejected. The rest of the options
are similar in terms of available force and speed. The decision will be then based
on the rest of parameters.

The two options involving the timing belts rotational reduction, although being
less expensive, do not offer the possibility of DoF decoupling since the mechanical
design would be very complicated. Furthermore, they have a longer deceleration
time because the pulleys inertia is greater than the gearhead inertia. In an effort
to reduce the inertia felt by the motor and enhance the device position bandwidth
and haptic performance the timing belt options are rejected. For the same reason,
the first RE 25 model, which has higher shaft inertia and longer deceleration time
than the second, is also rejected.

The gearhead used in the RHK is a Maxon GP 42 C which has the same amount
of backlash than the GP 32 A. By experience it is known that the backlash of the
RHK translational DoF is small enough not to be perceived by the user. Because
of this, and because the GP 32 A is cheaper and offers a less deceleration time it is
selected over the GP 32 BZ.

The optimal value as discussed inpage 16, knowing that Im is in this case the sume
of the motor, gearhead and tachometer inertias and assuming a mass of 200 g for
each knob, is:

Nopt =

√
2 ·mknob

Imotor + Igear + Itachometer
=

√
2 · 200 · 10−3

(10.4 + 0.8 + 3) · 10−7
= 530 rad/m

The equivalent transmission coefficient is 1400 rad/m, which is above but not far
from the optimal transmission coefficient.

4.5.2 Rotational DoF

In order to select the motor used for the rotational DoF and the rotational reduction
used the following parameters of the combinations are compared and presented in
table 4.9:

� Transmission ratio. The transmission ratio which best meets the demands of
available forces and speeds. The rotational reduction value (rad/rad) of each
rotational reduction is presented.

� Deceleration time: it is the time it would take the motor to stop the knobs if
they are rotating at a half revolution per second. In this calculation the motor
inertia, gearhead and/or timing pulleys inertia, knobs mass and front structure
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mass have been taken into account. The torque provided by the motor in this
calculation is limited by the available current —supposed to be 2 A— as well
as the motor and gearhead maximum admissible torque. Although the value
displayed may not be entirely accurate, it provides valuable information to
compare the different proposed combinations.

� Available torque: this is the available continuous torque at the knobs. Two
different values are calculated here: continuous and in half duty (read these
values explanation in the translational DoF section). The torques used to
calculate the available forces are always limited by the available current: 2 A,
and should meet the requirements of chapter 2.

� Maximum speed: this is calculated from the velocity the motor can achieve
when 24 V are applied at its terminals. It should meet the speed requirement
of chapter 2.

� Backlash: the amount of backlash, in degrees, the user can feel at the knobs.

� Price: it includes the motor and rotational reduction price.

The following brushed DC motors are considered and compared:

� Maxon RE 16 118737 This 4.5 W motor would be enough to drive the ro-
tational DoF and achieve the minimum torque and speed requirements of
chapter 2. Its nominal voltage is 48 V.

� Maxon RE 25 339156. This 20 W motor would be enough to drive the rota-
tional DoF and achieve good deceleration times. Its nominal voltage is 48 V
and its torque constant its very high; therefore it is capable of exerting high
torques from limited currents.

� Maxon RE 25 118746. This 10 W motor is similar to the previous one, but
its shaft has less inertia at expense of being less powerful.

� Maxon RE 30 310009. This 60 W motor can provide a much higher continuous
and peak torque than the ones presented before, at the cost of more weight,
size and price. Its nominal voltage is also 48 V to obtain high torques from
limited currents.

The possible rotational reductions are:

� Maxon GP 16 A 134777. This standard planetary gearhead has a reduction
of 24:1. It is used with the Maxon RE 16.

� Maxon GP 32 A 166158. This standard planetary gearhead has a reduction
of 14:1 and it is able to withstand the peak torques the motor may exert.

� Maxon GP 32 BZ 358331. This gearhead has a reduction of 19:1 and it has
significantly less backlash than the GP 32 A.

� Maxon GP 32 BZ 351942. This gearhead has a reduction of 5.2:1 and it has
even less backlash than the previous BZ gearhead. However, its continuous
and peak admissible torque are smaller.

� Timing belts and pulleys. The rotational reduction is done in this case through
a timing belt transmission. The reduction is done in 3 stages: one 4:1 and
two 3:1.
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In order to reduce the backlash felt by the user when a planetary gearhead is used, a
3:1 timing belt transmission is placed between the gearhead and the front structure.
This also allows the rotational DoF motor to be placed next to the front structure
instead of behind it.

In the table 4.10 the total inertia felt by the motor and the components causing it
are presented to better understand the different deceleration time values.
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Motor Gear Ratio Deceleration (ms)
Torque (Nm)

Max speed (rps) Backlash (◦) Price (CHF)
Continuous Half duty

RE 16 GP 16 A 24:1,
3:1

37.1 (37.1) 0.32 0.42 1.2 0.53 218.7

RE 25 10W

GP 32 A 14:1,
3:1

1.9 (1.2) 1.2 1.6 2.1 0.27 440.9

Timing belts
4:1,
3:1,
3:1

3.7 (1.7) 1 1.4 2.4 - 351.9

RE 25

GP 32 A 14:1,
3:1

1.9 (1.2) 1.3 1.8 1.7 0.27 410

GP 32 BZ 19:1,
3:1

3.3 (2.2) 1.8 2.4 1.2 0.12 535.4

GP 32 BZ 5.2:1,
3:1

3.4 (1.6) 0.5 0.7 4.5 0.05 469.6

Timing belts
4:1,
3:1,
3:1

4.2 (3) 1 1.4 2.4 - 321

RE 30

GP 32 A 14:1,
3:1

3.9 (2.3) 3.7 4.9 1.7 0.27 474

Timing belts
4:1,
3:1,
3:1

5.8 (4.2) 3.2 4.2 2 - 385

RHK GP 32 HP 14:1 - 1 - 4.8 0.8 -

Table 4.9: Rotational DoF actuator and transmission performance
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Motor Transmission Motor shaft Gearhead Timing pulleys Front structure DoF motor
Translational
DoF gearhead

Total (kg mm2)

RE 16 GP 16 A 34% (0.12) 1.4% (0.01) 2.2% (0.01) 56% (0.20) 2.1% (0.01) 4.4% (0.02) 0.363

RE 25 10W
GP 32 A 57% (1.04) 4.4% (0.08) 1.3% (0.02) 33% (0.60) 1.3% (0.02) 2.6% (0.05) 1.81

Timing belts 47% (1.04) - 11% (0.25) 37% (0.81) 1.4% (0.03) 2.9% (0.06) 2.20

RE 25

GP 32 A 64% (1.39) 3.7% (0.08) 1.1% (0.02) 28% (0.60) 1.1% (0.02) 2.2% (0.05) 2.17

GP 32 BZ 76% (1.39) 4.0% (0.08) 0.7% (0.01) 18% (0.32) 0.68% (0.01) 1.4% (0.03) 1.84

GP 32 BZ 21% (1.39) 1.9% (0.13) 2.6% (0.17) 66% (4.34) 2.6% (0.17) 5.2% (0.34) 6.53

Timing belts 55% (1.39) - 9.6% (0.25) 32% (0.81) 1.2% (0.03) 2.5% (0.06) 2.55

RE 30
GP 32 A 82% (3.45) 1.9% (0.08) 0.56% (0.02) 14% (0.60) 0.55% (0.02) 1.1% (0.05) 4.22

Timing belts 75% (3.45) - 5.3% (0.25) 18% (0.81) 0.68% (0.03) 1.4% (0.06) 4.61

Table 4.10: Contribution of each component in percentage and kg mm2 to the inertia felt by the rotational DoF motor
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Discussion

While the RE 16 option is the only one which is not over-dimensioned in terms of
available torque and speed, its deceleration time is one order of magnitude larger
than the rest and thus the motor is rejected. This is explained by the inertia: the
device front structure is very heavy compared to the motor shaft and it takes very
long for the motor to accelerate it.

Just like in the translational DoF case, the RE 30 options provide higher available
torques but also larger deceleration times. This could be solved with a more capable
amplifier and a larger gearhead, but since the cost would increase too much and
the other options provide already good solutions, all the RE 30 combinations are
rejected.

The two options involving only the timing belts, although being less expensive, re-
quire more space since they have 3 timing belt stages. Furthermore, they have a
longer deceleration time because the pulleys inertia is greater than the gearhead
inertia. In an effort to reduce the inertia felt by the motor and enhance the device
position bandwidth and haptic performance the timing belt options are rejected.

In an effort to reduce the backlash felt by the user the two BZ gearhead options
were included into the study. Because its increased cost, deceleration time, and the
fact that the options left have already low backlash —only 0.27 ◦— the BZ options
are also rejected.

The two left options, the RE 25 20W and RE 25 10W with the GP 32 A gearhead,
have a very similar performance. Because the motor is more powerful and the op-
tion is cheaper, the RE 25 20W with the GP 32 A is the selected combination for
the rotational DoF motor and transmission.

The optimal value as discussed in page 16, knowing that Im is in this case the sume
of the motor, gearhead and tachometer inertias and assuming a inertia of 1500 kg
mm2 for the front structure, is

Nopt =

√
Ifront

Imotor + Igear + Itachometer
=

√
1500 · 10−6

(13.9 + 0.8 + 3) · 10−7
= 29.11 rad/rad

The equivalent transmission coefficient is 42, which is above but not far from the
optimal transmission coefficient.

4.6 Power supply

All of the device subsystems require a DC voltage source. Although the NI USB-
6008 has a 5 V source which can power systems such as sensors, this source is far
from enough to power the two ESCON driving the two motors. An AC/DC con-
verter is needed to power the two ESCON and other subsystems from the electrical
grid.

An available voltage to the motor of 24 V has been supposed during all the previ-
ous calculations. The velocities achieved by the knobs in those calculations meet
the optimal requirement of chapter2 thus supplying the motors with 24 V is enough.
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Each ESCON can provide up to 4 A to the motors; therefore the AC/DC converter
has to be able to provide at least 8 A to supply the two ESCON.

The selected AC/DC converter is the Traco Power THX 240-124. This power supply
unit has a nominal output voltage of 24 V and can deliver up to 10 A; has no fan
which makes the device more silent; has an available cover to protect the device;
and isolates the output from the input so that it is no necessary to place an extra
transformer between the electrical grid and the power supply to meet the safety
requirement of electrical isolation.
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Sensing

5.1 Force sensing

A force sensor immediately after the knob is necessary to measure the subject
interaction with the device. Here are discussed different force sensing options.

Commercially available devices

� 1 DoF load cells. Most of the 1 DoF load cells can only measure compression
force; however we require measuring both tension and compression. The best
fitting 1 DoF found is the Measurement Specialties ELFF. It is a small button-
shaped sensor which measures force in only the main grasping direction and
costs CHF 438. One of these would be needed for each knob.

� 2 DoF load cells. The best 2 DoF load cell found is the Honigmann RFS XY,
which can measure forces in the two directions perpendicular to its main axis.
Its price is CHF 1392.

Figure 5.1: Preview of the 1 DoF (left) and 2 DoF (right) load cells and knob
placement.

Self-made devices

These solutions are based on the strain gage technology: a part which strains when
a force is applied is placed after the knob. This strain is measured with strain gages
in a Wheatstone bridge configuration and the force is measured. These parts can
be placed after the knob:

39
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� Solid bar: an aluminum bar is the deforming part. The strain gages are placed
near the base, where the strain is greater. Furthermore, some material is cut
off to enhance the strain. The bar can easily be attached to the knob and the
back part with screws. With this design forces in 2 axes can be detected, but
only a half Wheatstone bridge can be used. The safety factor of the bar is
only 1.5 under a 200N force at the tip, which is very low, thus this design is
rejected.

� Hollow bar: an aluminum bar is the deforming part. The strain gages are
placed near the base, where the strain is greater. Furthermore, a hole through
the bar is made to enhance the strain. In this case, it is necessary to glue a
little aluminum cylinder to the base and tip of the bar to fix the bar to the
knob and to the back part. With this design forces in 2 axes can be detected,
but only a half Wheatstone bridge can be used. Although the safety factor is
in this case greater than the one of the solid bar, this design is also rejected
due to its fragility —a coup could break it— and non-safety.

� 2DoF disk: a PMMA disk is the deforming part. The strain gages are placed
at the thin junctions, where the strain is greater. The disk can easily be
attached to the knob and the back part with screws. With this design only
4 strain gages connected in the appropriate way are enough to make 2 full
Wheatstone bridges and measure force in 2 axes. This design is rejected
because it will easily bend when a torque is applied in the disc perpendicular
direction, making the knob to be perceived as not stiff by the user.

� 2x 1DoF disk a PMMA disk is the deforming part. The strain gages are
placed at the thin junctions, where the strain is greater. The disk can easily
be attached to the knob and the back part with screws. With this design forces
in 1 axis can be detected through a full Wheatstone bridge. Two of these disks
in series are necessary to measure forces in 2 axes. This design is highly stiff
to forces in the secondary axis or torques. Furthermore, appropriate strain
gage connection allows the output signal only vary with a force applied in the
main axis.

The 1DoF PMMA disk with strain gages is the preferred force sensor because of its
low price, lightness and small size. Two of these turned 90◦ will be placed at each
knob to measure forces in two directions for research purposes.

Figure 5.2: Preview of the solid bar (left), 2 DoF PMMA disk (center) and 1 DoF
PMMA disk (right) and knob placement. The strain gage placement can be seen in
green.

Strain gages and circuitry

Once the strain part has been selected, the appropriate strain gages are selected
and the circuitry designed.
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Strain gages

A total of 16 linear strain gages are needed for the 4 Wheatstone bridges. The
selected ones are the HBM LY18-3/350. These strain gages are the biggest available
that fit on the disk, have a nominal resistance of 350 ohms, and a temperature
coefficient similar to the PMMA one. The recommended bridge supply voltage
when using these strain gages is 7 V.

Voltage supply

A low-noise bridge supply voltage is implemented through a resistor, a zener diode
and a buffer. The reference voltage is obtained from the resistor and the diode:
the voltage at the diode cathode, known as the breakdown voltage, depends on the
selected diode and it is very constant. This reference voltage is then followed by a
unity gain amplifier, or buffer. The buffer output is then used as the bridge supply
voltage.

      

Figure 5.3: Strain gage supply electronics scheme

The selected zener diode is the BZX79-B6V8,133, which has a 6.8 V breakdown volt-
age —the recommended bridge voltage is 7 V—. The selected buffer is the Texas
Instruments BUF634P, which can provide the necessary current to the 4 bridges in
the 4 force sensors. Therefore this circuit will be implemented only once and will
supply the 4 force sensing bridges.

To select the appropriate resistor the maximum dissipated power by the diode and
its minimum current are taken into account, also assuming that the buffer sinks no
current:

Imax =
Pmax
Vd

= 73mA

R >
Vcc − Vd
Imax

= 234 Ω

R <
Vcc − Vd
Imin

= 172 kΩ

A resistor of 10 kΩ is selected.
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Amplifier

The bridge output signal is usually of less than 1 mV, and thus has to be amplified.
This is done with an instrumentation amplifier because of their low drift, low noise,
high gain, high common-mode rejection ratio and very high input impedances. The
amplifier has to be supplied with ±12 V so that its output can vary from -10 V to
+10 V, which is the range the USB-6008 module is able to read. A DC/DC converter
is therefore used to convert the 24 V available from the main power supply to ±12 V.

The selected amplifier is the Texas Instruments INA2126PA-ND. It embeds 2 am-
plifying circuits in the same chip, has a wide gain range adjustable by an exter-
nal resistor and high common-mode rejection and input impedance. The selected
DC/DC converter is the MuRata 811-2173-5-ND which has three voltage outputs
(±12V and 0V) with very low noise.

While one amplifyng circuit per bridge is needed, only one ±12 V supply is necessary
to power all the amplifiers.

Offset nulling

The strain gages resistance tolerance causes the bridge output signal not to be 0
when the strain gages are not strained, i.e. the output signal has an offset. This
offset can be especially big when amplified by the instrumentation amplifier; there-
fore this offset has to be nulled. This can be done in two different methods: by
adding one small value resistor to one half of the bridge and a trimmer to the other
the offset can be adjusted through the trimmer. The offset can be also nulled by
adding a large value trimmer in parallel to one half of the bridge.

Figure 5.4: Offset nulling electronics scheme

The second method is selected because requires one wire less from the PCB to the
bridge. It needs to be implemented once per bridge. A 12 kΩ resistor and a 100 kΩ
trimmer are selected.

Overall electronics

The overall electronics schematics for the force sensors is presented in figure 5.5.
Note that only one 7 V supply voltage and one DC/DC converter is needed for all
the 4 Wheatstone bridges.
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Figure 5.5: Overall electronics schematics for the force sensors.

Force sensor performance

The strain gage placement on the PMMA disc is presented in figure 5.6. Note that
the strain gages are placed where the strain is greater for an applied force. Due to
the bridge construction and gage placement if an horizontal force is applied gages 1
and 2 have a positive strain and 3 and 4 a negative one, which doesn’t have an effect
on the bridge output. However, when a vertical force is applied to the piece the
strain is positive for the gages 1 and 3, and negative for the gages 2 and 4, making
the bridge output to vary. The output of a full Wheatstone bridge considering that
R1 and R4 have the same strain, and that R2 and R3 have a strain equal to R1
and R4 but opposite is:

Vo = Vex ·GF · ε (5.1)

where Vex is the excitation voltage, GF is the gage factor and ε the strain felt by
the gages. The gage factor is characteristic of the strain gage and is 2 in this case.

For the PMMA plate we can aproximate the strain at the strain gages by:

ε = k · F (5.2)

where F is the force applied to the PMMA plate and k has been determined through
finite element analysis to be 3.26·10−5 when F is measured in N.

The bridge ouput voltage is the amplified by a factor of G, the amplifier gain.
Combining equations 5.2 and 5.1 the output signal of the force sensor is:

Vforce = Vo ·G = Vex ·GF · k ·G · F (5.3)

Maximum detectable force

The bridge amplifier is supplied with ±12 V thus it can output a voltage of ca. ±11
V. The limiting factor for the maximum detectable force in our case is the USB-
6008 analog input, which can read a signal up to ±10 V. Therefore, the maximum
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Figure 5.6: FEA simulation and strain gage placement. The color represents amount
of straing when a vertical force is applied.

detectable force in our case is the force which produces an output voltage, Vforce,
of 10 V:

Fmax =
10

Vex ·GF · k ·G
(5.4)

Sensor resolution

The minimum voltage change detectable by the USB-6008 analog input is:

∆V =
V oltage span

2bits
=

20

211
= 10mV (5.5)

and therefore the minimum force change detectable by the system is the force which
changes the amplifier output by ∆V:

∆F =
∆V

Vex ·GF · k ·G
(5.6)

Note that increasing the amplifier gain, G, will increase the sensor resolution but
also decrease the maximum detectable force. A gain of 300 makes the maximum
detectable force to be 73 N and the resolution 0.071 N, which are very reasonable
values. With this gain the expected sensor voltage output is Vforce = 0.133 · F .

5.2 Torque sensing

A torque sensor is necessary to measure the subject interaction with the device.
The torque sensor is placed right after the front structure of the device and is also
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based in the strain gage technology: a part which strains when a torque is applied
to the front structure and the strain is measured through strain gages.

One possible design for the torque sensor has already been presented in the force
sensor section: the X-shaped PMMA disk. Four linear strain gages are placed at
the thin junctions, where the strain is greater when a torque is applied. This design
will, however, also strain with perpendicular to the cylinder axis forces, giving a
wrong output signal; and won’t be able to withstand the stress caused by the front
structure and the forces applied to it.

Another possible design consists of a hollow aluminum cylinder which strains when
a torque is applied. This strain is measured with 4 shear strain gages in a full
Wheatstone bridge configuration. This piece is able to hold the front structure, and
the bridge output signal will only change with torques applied in the cylinder axis
direction, not with forces. Therefore this is the selected design.

Figure 5.7: Torque sensor

Strain gages and circuitry

A total of 4 linear strain gages are needed. The selected ones are the HBM 1-
XY48-3/350. These strain gages are shear strain gages, have a nominal resistance
of 350 ohms, and a temperature coefficient similar to the aluminum one. The rec-
ommended bridge supply voltage when using these strain gages is 10 V. However,
in order to use fewer components and reduce the cost, this bridge supply voltage
will be the same used in the force sensor case.

The bridge output signal is usually of less than 1 mV, and thus has to be ampli-
fied. This is, like in the force sensor case, done with an instrumentation ampli-
fier. The selected amplifier is the Linear Technology LT1167. It has a wide gain
range adjustable by an external resistor and high common-mode rejection and input
impedance. The DC/DC converter used to power the force sensor amplifiers will
also power the LT1167.
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The offset of the sensor will also be nulled like in the force sensor case: via a high
resistance trimmer. A 12 kΩ resistor and a 100 kΩ trimmer are selected.

Torque sensor performance

Exactly the same equations presented in the force sensor performance section are
valid here. Therefore the output signal of the sensor is:

Vtorque = Vex ·GF · k ·G · τ (5.7)

where Vex is the excitation voltage, GF is the gage factor, k the relation between
applied torque and strain, G the amplifier gain and τ the applied torque. The gage
factor is characteristic of the strain gage and is 2 in this case. The parameter k has
been determined through finite element analysis to be 5.7·10−5 when τ is measured
in Nm.

Maximum detectable torque and resolution

As explained in the force sensor performance section, the maximum detectable
torque is:

τmax =
10

Vex ·GF · k ·G
(5.8)

and the resolution:

∆τ =
∆V

Vex ·GF · k ·G
(5.9)

with ∆V being 10 mV. An amplifier gain of 3000 makes the maximum detectable
torque to be 4.1 Nm and the resolution 0.004 Nm, which are very reasonable values.
With this gain the sensor expected output is Vtorque = 2.33 · τ .

5.3 PCB

The circuitry for the force and torque sensors is embedded in a PCB. The PCB has
5 connectors with 4 pins each: the first and last pins are the supply for the bridges
—7 and 0 V—, the other two are connected to the amplifier input.

The resistors R7, R8, R16, R17 and R15 set the amplifier’s gain and are placed on
the PCB right next to each amplifier. By changing these resistors one can modify
the resolution and maximum readable value of the force or torque sensors. If these
values need to be changed often, the resistors could be replaced by trimmers in a
future PCB design to make the task easier.

The offset nulling trimmers are the R3, R6, R11, R14 and R9. This trimmers mod-
ify the offset of the bridge of the connector next to them.

The PCB has also a connector with 6 pins. The first 5 are the amplifier outputs;
the last pin is the reference and should be connected to the USB module ground.

The PCB has to be supplied with 24 V. Any power supply can be used for the PCB
supply; therefore the same power supply used for the ESCONs will power the PCB.
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Figure 5.8: PCB layout and basic scheme.

5.4 Velocity sensing

A velocity sensor is needed to implement the admittance control scheme presented
in page 13. There are several ways of measuring the linear and rotary velocity of
the device:

� Sensorless: some amplifiers, such as the Maxon ESCON, can estimate the
rotational speed of the motor from the voltage and current supplied to the
motor and its speed constant and terminal resistance. This method is the
cheapest and easiest to implement, since it requires no sensor, but may not
be precise.

� Potentiometer: by placing a linear or rotational potentiometer at the end-
effector, it is possible to calculate the velocity from the device position deriva-
tive. However, the position signal might be noisy, especially due to the device
low velocities, and the noise is further enhanced by taking the derivative of
the signal.

� Encoder: an encoder placed at the motor can measure the position of the
motor. The velocity signal, which is calculated through the derivative of the
position, might also be noisy due to the discretization effects the encoder
presents at low speeds.

� Tachometer: a tachometer placed at the motor outputs a voltage proportional
to the motor rotational speed. The signal is not differentiated; therefore the
signal noise is not enhanced. The tachometer performance was very good at
the admittance experiment with the HapticPaddle.

� Gyroscope: a gyroscope outputs a voltage proportional to its rotational speed.
A gyroscope placed at the end-effector in the case of the rotary DoF, and near
the end-effector for the translational DoF can be used as a velocity sensor. Like
the tachometer, the signal is not differentiated thus its noise is not enhanced.

Since a gyroscope is not often used as a velocity sensor, a quick performance test
was carried out. A gyroscope was attached to the shaft of a motor equipped with a
very high resolution encoder. The shaft of the motor was then manually turned, and
both the encoder and gyroscope signals were recorded. The gyroscope presented



Chapter 5. Sensing 48

−200 −100 0 100 200 300

1

1.1

1.2

1.3

1.4

1.5

Rotational speed (deg/s)

O
ut

pu
t v

ol
ta

ge
 (

V
)

 

 

Raw signal
Fitted line

0 0.5 1 1.5 2 2.5

x 10
4

−300

−200

−100

0

100

200

Time

V
el

oc
ity

 s
ig

na
l (

de
g/

s)

 

 

Encoder
Gyro

Figure 5.9: Gyroscope performance. Left: gyroscope voltage output vs velocity
calculated from the encoder. Right: comparison between velocity calculated from
the gyroscope and encoder signal.

high linearity and small signal error, being especially accurate at low motor speeds.

Finally, and due to the very good performance at the admittance experiment and
easy integration with the Maxon ESCON motor driver, the tachometer is the se-
lected velocity sensor for the two DoF.

5.5 Position sensing

It is very important to know the knobs position to prevent damage to the device
and the user. Although the position can be estimated from integrating the velocity
signal, which is known through the tachometers, in terms of initialization and safety
a position sensor for each DoF is necessary. The position signal from the position
sensors won’t have a direct role in the control scheme —see admittance scheme in
page 13— therefore inexpensive and easy to use sensors are chosen.

For the linear DoF the Spectra Symbol SP-L-0100-103-3% -RH potentiometer is
used. This linear potentiometer has a total resistance of 10 kΩ and a length of 100
mm. A wiper is used to press the potentiometer and change its resistance. The
potentiometer will be placed on the front structure and the wiper attached to one
of the knobs. Its price is CHF 15.

For the rotational DoF the Panasonic EVW-AE4001B14 potentiometer is used. It
has a total resistance of 10 kΩ and 333◦ electrical rotation angle. The mechanical
operation angle is endless, which means that it can be turned indefinitely without
being destroyed. It is directly coupled to the rotational shaft through two identical
cheap plastic spur gears. Its price is CHF 1.8.

The USB-6008 module has a 5 V terminal capable of supplying 200 mA, which will
be power both sensors since they will only draw 0.5 mA each.
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Mechanical design

6.1 Translational DoF

As stated before, the translational DoF is driven by a brushed DC motor with a
gearhead. One end of the translational DoF main shaft is connected to the gearhead
shaft through the Misumi MCOG26 -6 -10 shaft coupler. The AT 5 pulley from the
rotational to translational transmission is fixed at the other end of the shaft. The
translational DoF main shaft is placed inside the rotational DoF main shaft and is
held by two regular bearings.

Each knob is attached to one carrier which slides on a rail. The rails are fixed to
a PMMA plate, as well as 8 small pins which act as the mechanical stops for both
knobs. The linear potentiometer of the translational position sensor will also be
placed on the plate. The plate has also 1 cm spaced holes for the blocking system
described in the knob section.

To increase the PMMA plate stiffness two U-shaped aluminum bars connected by
an aluminum cylinder are attached to the back of the PMMA plate. The bars U
profile make them very stiff and relatively light. At the end of each bar one AT 5
pulley is fixed: each of these pulleys tensions one of the AT 5 timing belts attached
to each knob.

The knob

As previously stated, the knobs will slide on the PMMA plate. To do so the Misumi
SSELB8 - 130 rail and a carriage are used. The carriage is able to withstand high
torques — 9 Nm— caused by vertical forces exerted on the knob by the user.

An aluminum component is fixed to the carriage. The AT 5 timing belt which drives
the knob is pressed against this component by an aluminum plate. The wiper used
to press the linear potentiometer is fixed to the plate of one of the knobs. The force
sensors discussed in section 5.1 are also fixed to the aluminum component fixed to
the carriage, and the knob is fixed to the force sensors.

An S-shaped part is fixed to the component. It holds one end of the knob to front
structure cable guiders and the linear DoF locking system described below.

49
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Figure 6.1: Translational DoF main mechanical elements.

Locking

An L-shaped aluminum part with a 4 mm through hole is fixed to the S-shaped
part. To lock the translational DoF when desired, a pin can be placed through
the hole and through one of the PMMA plate holes in order to fix the knob to the
plate. Since the end-effector is locked at the output the backlash effect from the
transmission won’t be felt in the isometric tasks.

6.2 Rotational DoF

The rotational DoF is actuated by a brushed DC motor with a gearhead. An AT 5
pulley is attached to the gearhead shaft. This pulley drives through a timing belt
the rotational DoF main shaft. This shaft is held by two opposed angular contact
bearings. The translational DoF gearhead is fixed to one of the rotational DoF’s
main shaft ends. The torque sensor is fixed to the other shaft end.

The aluminum structured behind the PMMA plate explained above is fixed to the
torque sensor. Therefore the PMMA plate and the rails the knobs slide on turn
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Figure 6.2: Knob main components.

Figure 6.3: Translational DoF locking.

with the rotational DoF main shaft. The translational DoF motor also turns with
the rotational DoF main shaft which gives mechanical decoupling to the two DoFs
(see section 4.5).

Locking

To lock the rotational DoF, two C-shaped aluminum pieces can clamp the rotational
DoF main shaft. The pieces are covered with rubber to increase friction with the
shaft and lock it better. A snap lock is used to hold the C-shaped pieces together to
clamp the shaft. Since the end-effector is locked at the output the backlash effect
from the transmission won’t be felt in the isometric tasks.
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Figure 6.4: Rotational DoF main mechanical elements.

Figure 6.5: Rotationall DoF locking.
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System architecture

The control architecture consists of two sepparated admittance schemes. As stated,
the PC or laptop, programmed with LabView, closes the schemes outer loop and
commands a desired velocity to the ESCON. Each of the ESCON are powered by
the main power supply and close the inner admittance loop. The tachometers act
as the velocity sensor for the inner admittance loop; the force and torque sensors,
which are powered by and the signal of which is amplified by the PCB, act as the
sensors for the outer control loop. The translational and rotational position sensors
do not intrinsically belong to the admittance control scheme, but are used for ini-
tialization and safety purposes.

The subsystems interconnection is shown in figure 7.2. The PC reads the force,
torque and position sensors and commands a motor velocity to the ESCON through
the USB module. The supply for the strain gages and its signal conditioning is
done by the PCB electronics. Each ESCON drives one motor and reads its velocity
through the tachometer. The power supply powers every subsystem, except for the
USB module and the two position sensors which are powered by the PC.

Device voltage reference

The devices have the following terminals internally connected:

� USB-6008: all the ground terminalls (both analog and digitall) are connected
internally, and also connected to the PC ground via the USB cable.

� PCB: the V-, the REF terminal from the 6-pin connector, and the 0 V termi-
nals from all the 4-pin connectors are internally connected.

� ESCON: The analog ground, digital ground, USB port ground and the Vin-
terminals are internally connected.

Due to this the main power supply Vout- terminal, the PCB ground, the USB
module ground and the PC ground are connected. Therefore all the voltages in the
device are referenced to the same ground. This common ground is not connected
to the electrical grid ground by the power supply since the power supply offers
input/output isolation. However this common ground could be connected to the
electrical grid ground through the PC, making the device voltage level not to float
and posing a risk for the user. To avoid this, an isolation transformer should be
placed between the PC and the electrical grid, or the PC should not be connected
to the electrical grid and be run with a battery instead.
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Chapter 8

Conclusions and future work

8.1 Conclusions

The goal of this project was to develop a cheap, portable and commercially viable
rehabilitation robot based on the RHK. The developed robot resembles the RHK
in the physical aspect, the actuation and transmission and uses exactly the same
finger supports. However it has significant differences: this robot has smaller actu-
ators, is controlled through an admittance control scheme implemented by a laptop
instead of a real-time system and substitutes the RHK 6-axis force sensors by two
homemade 2-axis sensor, which greatly reduces the device cost and volume. It also
measures —instead of estimating— the user exerted torque with the torque sensor,
the outputs are locked after the transmission so that the backlash effects are not
felt and it measures the end-effector velocity through tachometers instead of calcu-
lating it from the encoder signal, which will enhance the device haptic performance.

Table 8.1 shows that the robot meets the established requirements of section 2.
Because of the requirements meeting and the actuator and transmission careful se-
lection the device is expected to perform well at a haptic level. This will have to
be confirmed in posterior work.

The new device is a step in the right direction in robot-assisted rehabilitation:
research studies can use the robot to further investigate the application of robotics to
stroke rehabilitation in general and hand rehabilitation in particular. Furthermore,
having greatly reduced the RHK cost and volume this device settles the ground for
affordable grasping and pronation/supination rehabilitation robots.

8.2 Future work

8.2.1 Device testing and evaluation

Some of the device performance parameters have been calculated at a theoretical
level and are presented in table 8.1. These parameters should be tested on the
built device to check their validity. Other parameters, such as position and force
bandwidth, virtual wall rendering ability. . . are very difficult to calculate theoreti-
cally and have to be directly obtained from the device via adequate experimentation.

The locking system for the two DoFs and the force and torque sensors deserve a
special mention in this section since they are very different from the RHK compo-
nents and are homemade. The locking system effectiveness (does it have play or
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Mandatory

Requirement Unit Min. value Opt. value Achieved

Travel cm 16 20 19

Peak velocity cm/s 10 30 36.2

Peak acceleration m/s2 5 13 N/A

Continuous force N 10 40 35.3

Rotational travel ◦ 180 260 300

Rotational speed ◦/s 150 300 612

Continuous torque Nm 0.3 0.7 1.3

Exchangeable knobs - Yes

End effector locking - Yes

Structural stiffness - Yes

Desirable

Inexpensive CHF 22001

Portableness N/A

Structural stiffness N/A

Additional sensing Yes 2

Safety

Redundant position sensing Yes3

Mechanical stop Yes

Software stop N/A

Emergency stop button Yes

Limited accessibility of dangerous components Yes

Electrical isolation Yes4

Motor command limitation Yes

Table 8.1: Requirements and estimated performance comparison. The values which
couldn’t be estimated are labeled with N/A.

it locks the output perfectly?) as well as convenience (is it easy to use? Is it a
drawback that it is manual?) are to be tested. So do the force and torque sensors
in terms of repeatability, signal noise, dynamics of the sensor. . .

8.2.2 Control implementing

The device control scheme has been already presented, but it still needs to be im-
plemented. The control parameters of the two ESCON have to be tuned, and the
admittance controller to close the outer loops of the two DoFs has to be programmed
in LabView and tuned.

1Excluding workshop costs.
22-axis force sensor at each knob; torque sensor to measure user’s torque instead of estimating.
3The commanded velocity can be compared to the potentiometer signal.
4Only if the laptop ground is floating.
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8.2.3 Base construction

A placement and fixation method on the device base for the two ESCON, the PCB,
the power supply, the USB-6008, the emergency button and the relay have yet to
be designed. Alternatively, a second base for all these elements can be used.

8.2.4 Implementation of haptic exercises

The RHK knob counts with a large variety of haptic exercises. These probably can’t
be directly used with the new device since the control architecture is different, but
need to be adapted.
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Appendix A

Assembling intsructions

These assembling instructions are meant to be followed with the help of the CAD
model.

Main shaft

1. Screw the translational DoF to the long aluminum hollow cylinder.

2. Place the translational DoF main shaft bearings on the shaft. Attach the
shaft coupler to the shaft correct end.

3. Introduce the shaft into step 1 hollow cylinder. Press gently so that the shaft
bearing doesn’t have play and screw the gearhead shaft to the shaft coupler
(the aluminium cylinder has a small hole on its side in which a screwdriver
fits, use this to screw the shaft coupler to the gearhead shaft).
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4. Place the plastic spur gearhead on the step 1 cylinder.

5. Insert the short aluminum hollow cylinder into step 1 hollow cylinder. Press
gently so that the shaft bearing doesn’t have play and screw the two hollow
cylinders together.

6. While not strictly necessary, it is easier to mount and attach to the base the
rotational DoF locking parts before step 7.

7. Place the AT 5 big pulley and its belt, the large angular bearing and the
bearing support on the step 1 cylinder by the side of the motor, and place
the small angular bearing and its support by the other side. Screw the big
bearing support to the base. Press gently on the small bearing support so
that the bearings don’t have play and screw it to the base.
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8. Place in the step 1 cylinder the pin which acts as the mechanical stop for the
rotational DoF (its hole is between the large angular bearing and the motor).

Front structure

1. Screw to the PMMA plate only the first screw of each rail (the one closest
to the center) before placing the aluminum bars. Place the two aluminum
bars behind the PMMA plate and screw the rails, the PMMA plate and the
aluminum bars together.

2. The PMMA plate has two small L-shaped pieces to hold the cable carriers.
Attach these to the PMMA plate. Then, stick the translational position sensor
to the PMMA plate.
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3. Mount the two AT 5 small pulleys to the two C-shaped aluminum pieces.
Make sure that the AT 5 belts are placed on the pulleys.

4. Screw the C-shaped pieces to the step 1 aluminum bars endings as close to
the center of the PMMA plate as possible. The two C-shaped pieces are not
exactly equal, so make sure to screw the right piece to the right aluminum
bar.
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5. Screw the two knob aluminum bases to the carriers on the rails. The two
aluminum bases are not exactly equal, so make sure to screw the right piece
to the right carrier.

6. Before mounting the two PMMA disks of each of the force sensors together,
take into account that.

� The disks should be mounted at 90 degrees and so that the knob faces
the right direction when mounted.

� The knob is attached to the disks with the threaded center hole. The
aluminum base is attached to the disks with the NOT threaded center
hole.

Once you are sure of the exact orientation the disks should have with respect
to each other place the 4 pins and screw them together. The screw head
should be on the NOT threaded center hole disk side.
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7. Screw the PMMA disks of the force sensor to the aluminum base. The head of
the screw holding together the two PMMA disks should be on the aluminum
base side. Make sure that the force sensors are screwed so that they measure
the force in the right direction

8. Screw the torque sensor and the aluminum hollow cylinder to the back of the
PMMA plate. Screw the step 1 aluminum bars to the aluminum cylinder.

Rest of the device

1. Insert the translational DoF shaft into the torque sensor and through the
PMMA plate. Attach the AT 5 pulley to the translational DoF shaft with the
shaft coupling element.
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2. Screw the torque sensor and the small L- shaped part to the short aluminum
hollow cylinder of step 5 of section Main Shaft. When screwing the force
sensor make sure that the pin of the rotational DoF mechanical stop faces
upwards when the PMMA plate is horizontal.

3. Place the two front AT 5 timing belts which drive the translational DoF
around the AT 5 pulley. Loose the C-shaped pieces of step 2 of section Front
Structure from the aluminum bars, pull so that the AT 5 belts are preloaded
and screw them again to the aluminum bars.

4. Screw the rotational DoF gearhead to its support. Attach the AT 5 pulley to
the gearhead shaft, and place the AT 5 belt on the pulley. Pull so that the
AT 5 belt is preloaded and screw the gearhead support to the base.

5. Mount the rotational DoF position sensor to its plastic gear and bases. The
rotational position sensor has a limited electrical angle, so make sure when
putting together the sensor and the main shaft that the sensor is able to
measure the shaft rotation
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The rest of the components are easy to mount with the help of the CAD model.



Appendix B

Components’ terminals’
function

The function of the most important components’ terminals are explained below:

USB module

� Analog inputs 0-4: read the force and torque sensors signal

� Analog inputs 5 and 6: read the translational and rotational position sensors
signal

� Analog output 0 and 1: command a desired velocity to the ESCON

� Digital output 0 and 1: enable the ESCON operation

PCB

� Analog outputs 0-4: write the force and torque sensors signal

� REF: reference for the force and torque sensors signal

� V+ and V-: voltage supply for the PCB

ESCON

� Analog input 1: read the desired velocity from the USB module

� Analog input 2: read the current velocity from the tachometer

� Vin+ and Vin-: voltage supply for the ESCON

� M+ and M-: supply voltage for the motor

Since the USB module can only output analog signals between 0 and 5 V, the PC
should output through the USB module a value of 2.5 V when the desired motor
speed is 0 and the ESCON should be programmed accordingly. Then the motor
rotation direction can be selected by commanding a value above or below 2.5 V.
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Appendix C

Acceleration time study with
damping in the system

For the acceleration study of page 16 the friction and damping coefficients in the
system were neglected. A more general study is presented here: a rotational DC
motor with inertia Im tries to change the velocity of an end-effector with inertia Ie
from a rotational speed ωi to ωf rad/s as fast as possible. A perfect transmission of
coefficient N:1 is placed between the motor and the end-effector. The motor exerts
its maximum peak torque, τm, until the end-effector reaches the final speed. The
motor has a damping coefficient Bm and the end-effector Be. Friction is neglected.

When the motor rotates with a speed of ωm, the end-effector rotates at ωe = ωm

N
and the damping torques exerted on the motor, τBm , and on the end-effector, τBe ,
are:

τBm = −Bm · ωm

τBe = −Be · ωe

But since the end-effector and motor are connected through a tranmission, the total
damping torque felt by the motor, τB

∗

m , is:

τB
∗

m = τBm+
τBe
N

= −Bm ·ωm−
Be · ωe
N

= −Bm ·ωm−
Be · ωm
N2

= −
(
Bm +

Be
N2

)
ωm

From the equation above, a new set of damping coefficients for the motor and
end-effector, which are equivalent to the original ones, are defined:

B∗
m = Bm +

Be
N2

B∗
e = 0

And to simplify the following equations the equivalent inertia felt by the motor is
defined:

I∗m = Im +
Ie
N2

The motor shaft turns an angle αm during the movement which follows the equation:

α̈m(t) =
τm −B∗

m · α̇m(t)

I∗m
(C.1)
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From the equation above, the motor turned angle follows the expression:

αm(t) = A · e−
B∗

m·t
I∗m +

τm
B∗
m

· t+ C (C.2)

Being A and C integration constants. The motor shaft speed is then:

α̇m(t) = −B
∗
m

I∗m
·A · e−

B∗
m·t
I∗m +

τm
B∗
m

(C.3)

Forcing αm(t = 0) = 0 and α̇m(t = 0) = ωi ·N we obtain:

A =

(
τm
B∗
m

− ωi ·N
)
I∗m
B∗
m

C = −A

The time, T, required to reach the final end-effector speed ωe can be calculated
from α̇m(T ) = ωf ·N . The expression for T is:

T =
I∗m
B∗
m

· ln

 A ·B∗
m

I∗m

(
τm

B∗
m

− ωf ·N

)
 (C.4)

Due to the complexity of this equation, the parameters which anallytically minimize
T are not presented. However, this equation can be used to numerically find the
optimal parameters for a determined system. One should be also aware that in this
case, the paremeters which minimize the acceleration time, T, are not the same that

those which minimize the end-effector displacement, αe(T ) = αm(T )
N . One should

also be aware that for deceleration movements (i.e. ωf < ωi) the deceleration
time and end-effector displacement are different since the damping helps the motor
slowing down the system, and that the torque the motor applies must be negative.
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Datasheets

75



FEATURES
● LOW QUIESCENT CURRENT: 175µA/chan.

● WIDE SUPPLY RANGE: ±1.35V to ±18V

● LOW OFFSET VOLTAGE: 250µV max

● LOW OFFSET DRIFT: 3µV/°C max

● LOW NOISE: 35nV/√Hz

● LOW INPUT BIAS CURRENT: 25nA max

● 8-PIN DIP, SO-8, MSOP-8 SURFACE- MOUNT
DUAL: 16-Pin DIP, SO-16, SSOP-16

MicroPOWER INSTRUMENTATION AMPLIFIER
Single and Dual Versions

DESCRIPTION
The INA126 and INA2126 are precision instrumentation ampli-
fiers for accurate, low noise differential signal acquisition. Their
two-op-amp design provides excellent performance with very
low quiescent current (175µA/channel). This, combined with a
wide operating voltage range of ±1.35V to ±18V, makes them
ideal for portable instrumentation and data acquisition sys-
tems.

Gain can be set from 5V/V to 10000V/V with a single
external resistor. Laser trimmed input circuitry provides low
offset voltage (250µV max), low offset voltage drift (3µV/°C
max) and excellent common-mode rejection.

Single version package options include 8-pin plastic DIP,
SO-8 surface mount, and fine-pitch MSOP-8 surface-mount.
Dual version is available in the space-saving SSOP-16 fine-
pitch surface mount, SO-16, and 16-pin DIP. All are specified
for the –40°C to +85°C industrial temperature range.

APPLICATIONS
● INDUSTRIAL SENSOR AMPLIFIER:

Bridge, RTD, Thermocouple

● PHYSIOLOGICAL AMPLIFIER:
ECG, EEG, EMG

● MULTI-CHANNEL DATA ACQUISITION

● PORTABLE, BATTERY OPERATED SYSTEMS

INA126

INA2126

INA2126

INA126

INA2126

INA126
INA2126

SBOS062A – JANUARY 1996 – REVISED AUGUST 2005

www.ti.com

PRODUCTION DATA information is current as of publication date.
Products conform to specifications per the terms of Texas Instruments
standard warranty. Production processing does not necessarily include
testing of all parameters.

Copyright © 1996-2005, Texas Instruments Incorporated

Please be aware that an important notice concerning availability, standard warranty, and use in critical applications of
Texas Instruments semiconductor products and disclaimers thereto appears at the end of this data sheet.

All trademarks are the property of their respective owners.
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PIN CONFIGURATION (Single)

Top View 8-Pin DIP, SO-8, MSOP-8
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VO
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PIN CONFIGURATION (Dual)

Top View 16-Pin DIP, SO-16, SSOP-16
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Power Supply Voltage, V+ to V– ........................................................ 36V
Input Signal Voltage(2) ........................................... (V–)–0.7 to (V+)+0.7V
Input Signal Current(2) ...................................................................... 10mA
Output Short Circuit ................................................................. Continuous
Operating Temperature .................................................. –55°C to +125°C
Storage Temperature ..................................................... –55°C to +125°C
Lead Temperature (soldering, 10s) ............................................... +300°C

NOTES: (1) Stresses above these ratings may cause permanent damage.
(2) Input signal voltage is limited by internal diodes connected to power
supplies. See text.

ABSOLUTE MAXIMUM RATINGS(1) ELECTROSTATIC
DISCHARGE SENSITIVITY

This integrated circuit can be damaged by ESD. Texas Instru-
ments recommends that all integrated circuits be handled with
appropriate precautions. Failure to observe proper handling
and installation procedures can cause damage.

ESD damage can range from subtle performance degradation
to complete device failure. Precision integrated circuits may be
more susceptible to damage because very small parametric
changes could cause the device not to meet its published
specifications.

PACKAGE/ORDERING INFORMATION

PACKAGE
PRODUCT PACKAGE-LEAD MARKING

Single

INA126PA DIP-8 INA126PA
INA126P DIP-8 INA126P

INA126UA SO-8 INA126UA
INA126U SO-8 INA126U

INA126EA(2) MSOP-8 A26(3)

" " "
INA126E(2) MSOP-8 A26(3)

" " "

Dual

INA2126PA DIP-16 INA2126PA
INA2126P DIP-16 INA2126P

INA2126UA SO-16 INA2126UA
INA2126U SO-16 INA2126U

INA2126EA(2) SSOP-16 INA2126EA
" " "

INA2126E(2) SSOP-16 INA2126E
" " "

NOTES: (1) For the most current package and ordering information, see the
Package Option Addendum at the end of this document, or see the TI website
at www.ti.com. (2) MSOP-8 and SSOP-16  packages are available only on 250
or 2500 piece reels. (3) Grade designation is marked on reel.
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ELECTRICAL CHARACTERISTICS
At TA = +25°C, VS = ±15V, RL = 25kΩ, unless otherwise noted.

INA126P, U, E INA126PA, UA, EA
INA2126P, U, E INA2126PA, UA, EA

PARAMETER CONDITIONS MIN TYP MAX MIN TYP MAX UNITS

INPUT
Offset Voltage, RTI ±100 ±250 ±150 ±500 µV

vs Temperature ±0.5 ±3 ✻ ±5 µV/°C
vs Power Supply (PSRR) VS = ±1.35V to ±18V 5 15 ✻ 50 µV/V

Input Impedance 109 || 4 ✻ Ω || pF
Safe Input Voltage RS = 0 (V–)–0.5 (V+)+0.5 ✻ ✻ V

RS = 1kΩ (V–)–10 (V+)+10 ✻ ✻ V
Common-Mode Voltage Range VO = 0V ±11.25 ±11.5 ✻ ✻ V
Channel Separation (dual) G = 5, dc 130 dB
Common-Mode Rejection RS = 0, VCM = ±11.25V 83 94 74 90 dB

INA2126U (dual SO-16) 80 94 dB

INPUT BIAS CURRENT –10 –25 ✻ –50 nA
vs Temperature ±30 ✻ pA/°C

Offset Current ±0.5 ±2 ✻ ±5 nA
vs Temperature ±10 ✻ pA/°C

GAIN G = 5 to 10k ✻ V/V
Gain Equation G = 5 + 80kΩ/RG ✻ V/V
Gain Error VO = ±14V, G = 5 ±0.02 ±0.1 ✻ ±0.18 %

vs Temperature G = 5 ±2 ±10 ✻ ✻ ppm/°C
Gain Error VO = ±12V, G = 100 ±0.2 ±0.5 ✻ ±1 %

vs Temperature G = 100 ±25 ±100 ✻ ✻ ppm/°C
Nonlinearity G = 100, VO = ±14V ±0.002 ±0.012 ✻ ✻ %

NOISE
Voltage Noise, f = 1kHz 35 ✻ nV/√Hz

f = 100Hz 35 ✻ nV/√Hz
f = 10Hz 45 ✻ nV/√Hz
fB = 0.1Hz to 10Hz 0.7 ✻ µVPP

Current Noise, f = 1kHz 60 ✻ fA/√Hz
fB = 0.1Hz to 10Hz 2 ✻ pAPP

OUTPUT
Voltage, Positive RL = 25kΩ (V+)–0.9 (V+)–0.75 ✻ ✻ V

Negative RL = 25kΩ (V–)+0.95 (V–)+0.8 ✻ ✻ V
Short-Circuit Current Short-Circuit to Ground +10/–5 ✻ mA
Capacitive Load Drive 1000 ✻ pF

FREQUENCY RESPONSE
Bandwidth, –3dB G = 5 200 ✻ kHz

G = 100 9 ✻ kHz
G = 500 1.8 ✻ kHz

Slew Rate VO = ±10V, G = 5 0.4 ✻ V/µs
Settling Time, 0.01% 10V Step, G = 5 30 ✻ µs

10V Step, G = 100 160 ✻ µs
10V Step, G = 500 1500 ✻ µs

Overload Recovery 50% Input Overload 4 ✻ µs

POWER SUPPLY
Voltage Range ±1.35 ±15 ±18 ✻ ✻ ✻ V
Current (per channel) IO = 0 ±175 ±200 ✻ ✻ µA

TEMPERATURE RANGE
Specification Range –40 +85 ✻ ✻ °C
Operation Range –55 +125 ✻ ✻ °C
Storage Range –55 +125 ✻ ✻ °C
Thermal Resistance, θJA

8-Pin DIP 100 ✻ °C/W
SO-8 Surface-Mount 150 ✻ °C/W
MSOP-8 Surface-Mount 200 ✻ °C/W
16-Pin DIP (dual) 80 ✻ °C/W
SO-16 (dual) 100 ✻ °C/W
SSOP-16 (dual) 100 ✻ °C/W

✻  Specification same as INA126P, INA126U, INA126E; INA2126P, INA2126U, INA2126E.
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TYPICAL CHARACTERISTICS
At TA = +25°C and VS = ±15V, unless otherwise noted.
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TYPICAL CHARACTERISTICS (Cont.)
At TA = +25°C and VS = ±15V, unless otherwise noted.
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TYPICAL CHARACTERISTICS (Cont.)
At TA = +25°C and VS = ±15V, unless otherwise noted.
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(Dual Version)
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APPLICATION INFORMATION
Figure 1 shows the basic connections required for operation
of the INA126. Applications with noisy or high impedance
power supplies may require decoupling capacitors close to
the device pins as shown.

The output is referred to the output reference (Ref) terminal
which is normally grounded. This must be a low-impedance
connection to ensure good common-mode rejection. A resis-
tance of 8Ω in series with the Ref pin will cause a typical
device to degrade to approximately 80dB CMR.

Dual versions (INA2126) have feedback sense connections,
SenseA and SenseB. These must be connected to their respec-
tive output terminals for proper operation. The sense con-
nection can be used to sense the output voltage directly at the
load for best accuracy.

SETTING THE GAIN

Gain is set by connecting an external resistor, RG, as shown:

(1)

Commonly used gains and RG resistor values are shown in
Figure 1.

The 80kΩ term in equation 1 comes from the internal metal film
resistors which are laser trimmed to accurate absolute values.
The accuracy and temperature coefficient of these resistors are
included in the gain accuracy and drift specifications.

The stability and temperature drift of the external gain
setting resistor, RG, also affects gain. RG’s contribution to
gain accuracy and drift can be directly inferred from the gain

equation (1). Low resistor values required for high gain can
make wiring resistance important. Sockets add to the wiring
resistance, which will contribute additional gain error in
gains of approximately 100 or greater.

OFFSET TRIMMING

The INA126 and INA2126 are laser trimmed for low offset
voltage and offset voltage drift. Most applications require no
external offset adjustment. Figure 2 shows an optional cir-
cuit for trimming the output offset voltage. The voltage
applied to the Ref terminal is added to the output signal. An
op amp buffer is used to provide low impedance at the Ref
terminal to preserve good common-mode rejection.

FIGURE 1. Basic Connections.

DESIRED GAIN RG NEAREST 1%
(V/V) (Ω) RG VALUE

5 NC NC
10 16k 15.8k
20 5333 5360
50 1779 1780

100 842 845
200 410 412
500 162 162
1000 80.4 80.6
2000 40.1 40.2
5000 16.0 15.8
10000 8.0 7.87

NC: No Connection.

G = 5 + 80kΩ
RG

FIGURE 2. Optional Trimming of Output Offset Voltage.

10kΩOPA237
±10mV

Adjustment Range

100Ω

100Ω

100µA
1/2 REF200

100µA
1/2 REF200

V+

V–

RG INA126

Ref

VO
✻ 

VIN
–

VIN
+

✻ Dual version has
external sense connection.

40kΩ

10kΩ

10kΩ

40kΩ

INA126

5

4

2

1

8

3

7

6

RG

RG

VIN

A2

A1

–

VIN
+

VIN
–

VIN
+

V+

V–

INA126

0.1µF

0.1µF

VO

VO

Ref

✻

Ref

Load

+

–

Also drawn in simplified form:

VO = (VIN – VIN) G–+

G = 5 + 

✻

Pin numbers are
for single version

✻ Dual version has
external sense connection.

80kΩ
RG
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INPUT BIAS CURRENT RETURN

The input impedance of the INA126/2126 is extremely
high—approximately 109Ω. However, a path must be pro-
vided for the input bias current of both inputs. This input
bias current is typically –10nA (current flows out of the
input terminals). High input impedance means that this input
bias current changes very little with varying input voltage.

Input circuitry must provide a path for this input bias current
for proper operation. Figure 3 shows various provisions for
an input bias current path. Without a bias current path, the
inputs will float to a potential which exceeds the common-
mode range and the input amplifiers will saturate.

If the differential source resistance is low, the bias current
return path can be connected to one input (see the thermo-
couple example in Figure 3). With higher source impedance,
using two equal resistors provides a balanced input with
advantages of lower input offset voltage due to bias current
and better high-frequency common-mode rejection.

FIGURE 3.  Providing an Input Common-Mode Current Path.

INPUT COMMON-MODE RANGE

The input common-mode range of the INA126/2126 is
shown in the typical characteristic curves. The common-
mode range is limited on the negative side by the output
voltage swing of A2, an internal circuit node that cannot be
measured on an external pin. The output voltage of A2 can
be expressed as:

VO2 = 1.25 VIN  –  (VIN – VIN) (10kΩ/RG)        (2)

(Voltages referred to Ref terminal, pin 5)

–+–

The internal op amp A2 is identical to A1 and its output
swing is limited to typically 0.7V from the supply rails.
When the input common-mode range is exceeded (A2’s
output is saturated), A1 can still be in linear operation and
respond to changes in the non-inverting input voltage. The
output voltage, however, will be invalid.

LOW VOLTAGE OPERATION

The INA126/2126 can be operated on power supplies as low
as ±1.35V. Performance remains excellent with power sup-
plies ranging from ±1.35V to ±18V. Most parameters vary
only slightly throughout this supply voltage range—see
typical characteristic curves. Operation at very low supply
voltage requires careful attention to ensure that the common-
mode voltage remains within its linear range. See “Input
Common-Mode Voltage Range.”

The INA126/2126 can be operated from a single power
supply with careful attention to input common-mode range,
output voltage swing of both op amps and the voltage
applied to the Ref terminal. Figure 4 shows a bridge ampli-
fier circuit operated from a single +5V power supply. The
bridge provides an input common-mode voltage near 2.5V,
with a relatively small differential voltage.

INPUT PROTECTION

The inputs are protected with internal diodes connected to
the power supply rails. These diodes will clamp the applied
signal to prevent it from exceeding the power supplies by
more than approximately 0.7V. If the signal source voltage
can exceed the power supplies, the source current should be
limited to less than 10mA. This can generally be done with
a series resistor. Some signal sources are inherently current-
limited and do not require limiting resistors.

CHANNEL CROSSTALK—DUAL VERSION

The two channels of the INA2126 are completely indepen-
dent, including all bias circuitry. At DC and low frequency
there is virtually no signal coupling between channels.
Crosstalk increases with frequency and is dependent on
circuit gain, source impedance and signal characteristics.

As source impedance increases, careful circuit layout will
help achieve lowest channel crosstalk. Most crosstalk is
produced by capacitive coupling of signals from one channel
to the input section of the other channel. To minimize
coupling, separate the input traces as far as practical from
any signals associated with the opposite channel. A grounded
guard trace surrounding the inputs helps reduce stray cou-
pling between channels. Carefully balance the stray capaci-
tance of each input to ground, and run the differential inputs
of each channel parallel to each other, or directly adjacent on
top and bottom side of a circuit board. Stray coupling then
tends to produce a common-mode signal that is rejected by
the IA’s input.

47kΩ47kΩ

10kΩ

Microphone,
Hydrophone

etc.

Thermocouple

Center-tap provides
bias current return.

INA126

INA126

INA126
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FIGURE 4. Bridge Signal Acquisition—Single 5V Supply.

FIGURE 5. Differential Voltage-to-Current Converter.

A1 IB Error

OPA177 ±1.5nA
OPA130 ±20pA
OPA602 ±1pA
OPA129 ±100fA

INA126RG

IB

R1

VIN

–

+

A1 IO

Load

IO =        • G
VIN

R1

Ref

✻

✻  Dual version has external sense connection.
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R1
1kΩ

C1
0.47µF

R2
1kΩ

+5V

R1, C1, R2:
340Hz LP

Bridge
Sensor

2.5V – ∆V

2.5V + ∆V

REF1004C-1.2

33µA

2

3

1

+IN

–IN

VREF

D

ADS7817
12-Bit
A/D

CS

Ck

6 Serial
Data

Chip
Select

INA126 and ADS7817
are available in fine-pitch
MSOP-8 package

✻  Dual version has external
sense connection. Pin numbers
shown are for single version.

Clock

5

7

4

8

A2

A1

The ADS7817’s VREF input current is proportional to conversion rate. A 
conversion rate of 10kS/s or slower assures enough current to turn on the 
reference diode. Converter input range is ±1.2V. Output swing limitation of 
INA126 limits the A/D converter to somewhat greater than 11 bits of range.

A similar instrumentation amplifier, INA125, provides 
an internal reference voltage for sensor excitation 
and/or A/D converter reference.

✻
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PACKAGING INFORMATION

Orderable Device Status (1) Package Type Package
Drawing

Pins Package Qty Eco Plan (2) Lead/
Ball Finish

MSL Peak Temp (3) Samples

(Requires Login)

INA126E/250 ACTIVE VSSOP DGK 8 250 Green (RoHS
& no Sb/Br)

CU NIPDAU Level-2-260C-1 YEAR

INA126E/250G4 ACTIVE VSSOP DGK 8 250 Green (RoHS
& no Sb/Br)

CU NIPDAU Level-2-260C-1 YEAR

INA126E/2K5 ACTIVE VSSOP DGK 8 2500 Green (RoHS
& no Sb/Br)

CU NIPDAU Level-2-260C-1 YEAR

INA126E/2K5G4 ACTIVE VSSOP DGK 8 2500 Green (RoHS
& no Sb/Br)

CU NIPDAU Level-2-260C-1 YEAR

INA126EA/250 ACTIVE VSSOP DGK 8 250 Green (RoHS
& no Sb/Br)

CU NIPDAU Level-2-260C-1 YEAR

INA126EA/250G4 ACTIVE VSSOP DGK 8 250 Green (RoHS
& no Sb/Br)

CU NIPDAU Level-2-260C-1 YEAR

INA126EA/2K5 ACTIVE VSSOP DGK 8 2500 Green (RoHS
& no Sb/Br)

CU NIPDAU Level-2-260C-1 YEAR

INA126EA/2K5G4 ACTIVE VSSOP DGK 8 2500 Green (RoHS
& no Sb/Br)

CU NIPDAU Level-2-260C-1 YEAR

INA126P ACTIVE PDIP P 8 50 Green (RoHS
& no Sb/Br)

CU NIPDAU N / A for Pkg Type

INA126PA ACTIVE PDIP P 8 50 Green (RoHS
& no Sb/Br)

CU NIPDAU N / A for Pkg Type

INA126PAG4 ACTIVE PDIP P 8 50 Green (RoHS
& no Sb/Br)

CU NIPDAU N / A for Pkg Type

INA126PG4 ACTIVE PDIP P 8 50 Green (RoHS
& no Sb/Br)

CU NIPDAU N / A for Pkg Type

INA126U ACTIVE SOIC D 8 75 Green (RoHS
& no Sb/Br)

CU NIPDAU Level-3-260C-168 HR

INA126U/2K5 ACTIVE SOIC D 8 2500 Green (RoHS
& no Sb/Br)

CU NIPDAU Level-3-260C-168 HR

INA126U/2K5G4 ACTIVE SOIC D 8 2500 Green (RoHS
& no Sb/Br)

CU NIPDAU Level-3-260C-168 HR

INA126UA ACTIVE SOIC D 8 75 Green (RoHS
& no Sb/Br)

CU NIPDAU Level-3-260C-168 HR

INA126UA/2K5 ACTIVE SOIC D 8 2500 Green (RoHS
& no Sb/Br)

CU NIPDAU Level-3-260C-168 HR

PACKAGE OPTION ADDENDUM

www.ti.com 16-Aug-2012

Addendum-Page 2

Orderable Device Status (1) Package Type Package
Drawing

Pins Package Qty Eco Plan (2) Lead/
Ball Finish

MSL Peak Temp (3) Samples

(Requires Login)

INA126UA/2K5E4 ACTIVE SOIC D 8 2500 Green (RoHS
& no Sb/Br)

CU NIPDAU Level-3-260C-168 HR

INA126UAG4 ACTIVE SOIC D 8 75 Green (RoHS
& no Sb/Br)

CU NIPDAU Level-3-260C-168 HR

INA126UG4 ACTIVE SOIC D 8 75 Green (RoHS
& no Sb/Br)

CU NIPDAU Level-3-260C-168 HR

INA2126E/250 ACTIVE SSOP DBQ 16 250 Green (RoHS
& no Sb/Br)

Call TI Level-3-260C-168 HR

INA2126E/250G4 ACTIVE SSOP DBQ 16 250 Green (RoHS
& no Sb/Br)

Call TI Level-3-260C-168 HR

INA2126E/2K5 ACTIVE SSOP DBQ 16 2500 Green (RoHS
& no Sb/Br)

Call TI Level-3-260C-168 HR

INA2126E/2K5G4 ACTIVE SSOP DBQ 16 2500 Green (RoHS
& no Sb/Br)

Call TI Level-3-260C-168 HR

INA2126EA/250 ACTIVE SSOP DBQ 16 250 Green (RoHS
& no Sb/Br)

Call TI Level-3-260C-168 HR

INA2126EA/250G4 ACTIVE SSOP DBQ 16 250 Green (RoHS
& no Sb/Br)

Call TI Level-3-260C-168 HR

INA2126EA/2K5 ACTIVE SSOP DBQ 16 2500 Green (RoHS
& no Sb/Br)

Call TI Level-3-260C-168 HR

INA2126EA/2K5G4 ACTIVE SSOP DBQ 16 2500 Green (RoHS
& no Sb/Br)

Call TI Level-3-260C-168 HR

INA2126P ACTIVE PDIP N 16 25 Green (RoHS
& no Sb/Br)

CU NIPDAU N / A for Pkg Type

INA2126PA ACTIVE PDIP N 16 25 Green (RoHS
& no Sb/Br)

CU NIPDAU N / A for Pkg Type

INA2126PAG4 ACTIVE PDIP N 16 25 Green (RoHS
& no Sb/Br)

CU NIPDAU N / A for Pkg Type

INA2126PG4 ACTIVE PDIP N 16 25 Green (RoHS
& no Sb/Br)

CU NIPDAU N / A for Pkg Type

INA2126U ACTIVE SOIC D 16 40 Green (RoHS
& no Sb/Br)

CU NIPDAU Level-3-260C-168 HR

INA2126UA ACTIVE SOIC D 16 40 Green (RoHS
& no Sb/Br)

CU NIPDAU Level-3-260C-168 HR

INA2126UA/2K5 ACTIVE SOIC D 16 2500 Green (RoHS
& no Sb/Br)

CU NIPDAU Level-3-260C-168 HR

PACKAGE OPTION ADDENDUM

www.ti.com 16-Aug-2012

Addendum-Page 3

Orderable Device Status (1) Package Type Package
Drawing

Pins Package Qty Eco Plan (2) Lead/
Ball Finish

MSL Peak Temp (3) Samples

(Requires Login)

INA2126UA/2K5E4 ACTIVE SOIC D 16 2500 Green (RoHS
& no Sb/Br)

CU NIPDAU Level-3-260C-168 HR

INA2126UAE4 ACTIVE SOIC D 16 40 Green (RoHS
& no Sb/Br)

CU NIPDAU Level-3-260C-168 HR

INA2126UAG4 ACTIVE SOIC D 16 40 Green (RoHS
& no Sb/Br)

CU NIPDAU Level-3-260C-168 HR

INA2126UE4 ACTIVE SOIC D 16 40 Green (RoHS
& no Sb/Br)

CU NIPDAU Level-3-260C-168 HR

SN200501036DRE4 ACTIVE SOIC D 16 2500 Green (RoHS
& no Sb/Br)

CU NIPDAU Level-3-260C-168 HR

 
(1) The marketing status values are defined as follows:
ACTIVE: Product device recommended for new designs.
LIFEBUY: TI has announced that the device will be discontinued, and a lifetime-buy period is in effect.
NRND: Not recommended for new designs. Device is in production to support existing customers, but TI does not recommend using this part in a new design.
PREVIEW: Device has been announced but is not in production. Samples may or may not be available.
OBSOLETE: TI has discontinued the production of the device.

 
(2) Eco Plan - The planned eco-friendly classification: Pb-Free (RoHS), Pb-Free (RoHS Exempt), or Green (RoHS & no Sb/Br) - please check http://www.ti.com/productcontent for the latest availability
information and additional product content details.
TBD:  The Pb-Free/Green conversion plan has not been defined.
Pb-Free (RoHS): TI's terms "Lead-Free" or "Pb-Free" mean semiconductor products that are compatible with the current RoHS requirements for all 6 substances, including the requirement that
lead not exceed 0.1% by weight in homogeneous materials. Where designed to be soldered at high temperatures, TI Pb-Free products are suitable for use in specified lead-free processes.
Pb-Free (RoHS Exempt): This component has a RoHS exemption for either 1) lead-based flip-chip solder bumps used between the die and package, or 2) lead-based  die adhesive used between
the die and leadframe. The component is otherwise considered Pb-Free (RoHS compatible) as defined above.
Green (RoHS & no Sb/Br): TI defines "Green" to mean Pb-Free (RoHS compatible), and free of Bromine (Br)  and Antimony (Sb) based flame retardants (Br or Sb do not exceed 0.1% by weight
in homogeneous material)

 
(3) MSL, Peak Temp. -- The Moisture Sensitivity Level rating according to the JEDEC industry standard classifications, and peak solder temperature.

 
Important Information and Disclaimer:The information provided on this page represents TI's knowledge and belief as of the date that it is provided. TI bases its knowledge and belief on information
provided by third parties, and makes no representation or warranty as to the accuracy of such information. Efforts are underway to better integrate information from third parties. TI has taken and
continues to take reasonable steps to provide representative and accurate information but may not have conducted destructive testing or chemical analysis on incoming materials and chemicals.
TI and TI suppliers consider certain information to be proprietary, and thus CAS numbers and other limited information may not be available for release.

 
In no event shall TI's liability arising out of such information exceed the total purchase price of the TI part(s) at issue in this document sold by TI to Customer on an annual basis.

 



TAPE AND REEL INFORMATION

*All dimensions are nominal

Device Package
Type

Package
Drawing

Pins SPQ Reel
Diameter

(mm)

Reel
Width

W1 (mm)

A0
(mm)

B0
(mm)

K0
(mm)

P1
(mm)

W
(mm)

Pin1
Quadrant

INA126E/250 VSSOP DGK 8 250 180.0 12.4 5.3 3.4 1.4 8.0 12.0 Q1

INA126E/2K5 VSSOP DGK 8 2500 330.0 12.4 5.3 3.4 1.4 8.0 12.0 Q1

INA126EA/250 VSSOP DGK 8 250 180.0 12.4 5.3 3.4 1.4 8.0 12.0 Q1

INA126EA/2K5 VSSOP DGK 8 2500 330.0 12.4 5.3 3.4 1.4 8.0 12.0 Q1

INA126U/2K5 SOIC D 8 2500 330.0 12.4 6.4 5.2 2.1 8.0 12.0 Q1

INA126UA/2K5 SOIC D 8 2500 330.0 12.4 6.4 5.2 2.1 8.0 12.0 Q1

INA2126UA/2K5 SOIC D 16 2500 330.0 16.4 6.5 10.3 2.1 8.0 16.0 Q1
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*All dimensions are nominal

Device Package Type Package Drawing Pins SPQ Length (mm) Width (mm) Height (mm)

INA126E/250 VSSOP DGK 8 250 210.0 185.0 35.0

INA126E/2K5 VSSOP DGK 8 2500 367.0 367.0 35.0

INA126EA/250 VSSOP DGK 8 250 210.0 185.0 35.0

INA126EA/2K5 VSSOP DGK 8 2500 367.0 367.0 35.0

INA126U/2K5 SOIC D 8 2500 367.0 367.0 35.0

INA126UA/2K5 SOIC D 8 2500 367.0 367.0 35.0

INA2126UA/2K5 SOIC D 16 2500 367.0 367.0 38.0
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IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, enhancements, improvements and other
changes to its semiconductor products and services per JESD46, latest issue, and to discontinue any product or service per JESD48, latest
issue. Buyers should obtain the latest relevant information before placing orders and should verify that such information is current and
complete. All semiconductor products (also referred to herein as “components”) are sold subject to TI’s terms and conditions of sale
supplied at the time of order acknowledgment.

TI warrants performance of its components to the specifications applicable at the time of sale, in accordance with the warranty in TI’s terms
and conditions of sale of semiconductor products. Testing and other quality control techniques are used to the extent TI deems necessary
to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not necessarily
performed.

TI assumes no liability for applications assistance or the design of Buyers’ products. Buyers are responsible for their products and
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adequate design and operating safeguards.
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LT1167

1
1167fc

 TYPICAL APPLICATION 

 FEATURES  DESCRIPTION

Single Resistor Gain 
Programmable, Precision 
Instrumentation Amplifier

The LT®1167 is a low power, precision instrumentation 
amplifier that requires only one external resistor to set 
gains of 1 to 10,000. The low voltage noise of 7.5nV/√Hz 
(at 1kHz) is not compromised by low power dissipation 
(0.9mA typical for ±2.3V to ±15V supplies).

The part’s high accuracy (10ppm maximum nonlinearity, 
0.08% max gain error (G = 10)) is not degraded even for 
load resistors as low as 2k. The LT1167 is laser trimmed for 
very low input offset voltage (40μV max), drift (0.3μV/°C), 
high CMRR (90dB, G = 1) and PSRR (105dB, G = 1). 
Low input bias currents of 350pA max are achieved with 
the use of superbeta processing. The output can handle 
capacitive loads up to 1000pF in any gain configuration 
while the inputs are ESD protected up to 13kV (human 
body). The LT1167 with two external 5k resistors passes 
the IEC 1000-4-2 level 4 specification.

The LT1167, offered in 8-pin PDIP and SO packages, re-
quires significantly less PC board area than discrete multi 
op amp and resistor designs.

The LT1167-1 offers the same performance as the LT1167, 
but its input current characteristic at high common mode 
voltage better supports applications with high input imped-
ance (see the Applications Information section).

Single Supply Barometer

 APPLICATIONS

n Single Gain Set Resistor: G = 1 to 10,000
n Gain Error: G = 10, 0.08% Max
n Input Offset Voltage Drift: 0.3μV/°C Max
n Meets IEC 1000-4-2 Level 4 ESD Tests with 

Two External 5k Resistors
n Gain Nonlinearity: G = 10, 10ppm Max
n Input Offset Voltage: G = 10, 60μV Max
n Input Bias Current: 350pA Max
n PSRR at G = 1: 105dB Min
n CMRR at G = 1: 90dB Min
n Supply Current: 1.3mA Max
n Wide Supply Range: ±2.3V to ±18V
n 1kHz Voltage Noise: 7.5nV/√Hz
n 0.1Hz to 10Hz Noise: 0.28μVP-P
n Available in 8-Pin PDIP and SO Packages

n Bridge Amplifiers
■ Strain Gauge Amplifi ers
■ Thermocouple Amplifi ers
■ Differential to Single-Ended Converters
■ Medical Instrumentation
L, LT, LTC, LTM, Linear Technology and the Linear logo are registered trademarks of Linear 
Technology Corporation. All other trademarks are the property of their respective owners.
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 ABSOLUTE MAXIMUM RATINGS

Supply Voltage  ...................................................... ±20V
Differential Input Voltage (Within the
Supply Voltage)  ......................................................±40V
Input Voltage (Equal to Supply Voltage) ................. ±20V
Input Current (Note 3) ..........................................±20mA
Output Short-Circuit Duration  ......................... Indefi nite
Operating Temperature Range ................. –40°C to 85°C
Specifi ed Temperature Range
 LT1167AC/LT1167C/
 LT1167AC-1/LT1167C-1 (Note 4) ............ 0°C to 70°C
 LT1167AI/LT1167I/
 LT1167AI-1/LT1167I-1  ........................ –40°C to 85°C 
Storage Temperature Range ................... –65°C to 150°C
Lead Temperature (Soldering, 10 sec) .................. 300°C

(Note 1)

 ORDER INFORMATION

 PIN CONFIGURATION

1

2

3

4

8

7

6

5

TOP VIEW

RG

–IN

+IN

–VS

RG

+VS

OUTPUT

REF

N8 PACKAGE
8-LEAD PDIP

+

–

S8 PACKAGE
8-LEAD PLASTIC SO

TJMAX = 150°C, θJA = 130°C/W (N8)
TJMAX = 150°C, θJA = 190°C/W (S8)

LEAD FREE FINISH TAPE AND REEL PART MARKING PACKAGE DESCRIPTION SPECIFIED TEMPERATURE RANGE

LT1167ACN8#PBF LT1167ACN8#TRPBF LT1167AC 8-Lead PDIP 0°C to 70°C

LT1167ACS8#PBF LT1167ACS8#TRPBF 1167A 8-Lead Plastic SO 0°C to 70°C

LT1167AIN8#PBF LT1167AIN8#TRPBF LT1167AI 8-Lead PDIP –40°C to 85°C

LT1167AIS8#PBF LT1167AIS8#TRPBF 1167AI 8-Lead Plastic SO –40°C to 85°C

LT1167CN8#PBF LT1167CN8#TRPBF LT1167C 8-Lead PDIP 0°C to 70°C

LT1167CS8#PBF LT1167CS8#TRPBF 1167 8-Lead Plastic SO 0°C to 70°C

LT1167IN8#PBF LT1167IN8#TRPBF LT1167I 8-Lead PDIP –40°C to 85°C

LT1167IS8#PBF LT1167IS8#TRPBF 1167I 8-Lead Plastic SO –40°C to 85°C

LT1167CS8-1#PBF LT1167CS8-1#TRPBF 11671 8-Lead Plastic SO 0°C to 70°C

LT1167IS8-1#PBF LT1167IS8-1#TRPBF 11671 8-Lead Plastic SO –40°C to 85°C

LT1167ACS8-1#PBF LT1167ACS8-1#TRPBF 11671 8-Lead Plastic SO 0°C to 70°C

LT1167AIS8-1#PBF LT1167AIS8-1#TRPBF 11671 8-Lead Plastic SO –40°C to 85°C

LEAD BASED FINISH TAPE AND REEL PART MARKING PACKAGE DESCRIPTION SPECIFIED TEMPERATURE RANGE

LT1167ACN8 LT1167ACN8#TR LT1167AC 8-Lead PDIP 0°C to 70°C

LT1167ACS8 LT1167ACS8#TR 1167A 8-Lead Plastic SO 0°C to 70°C

LT1167AIN8 LT1167AIN8#TR LT1167AI 8-Lead PDIP –40°C to 85°C

LT1167AIS8 LT1167AIS8#TR 1167AI 8-Lead Plastic SO –40°C to 85°C

LT1167CN8 LT1167CN8#TR LT1167C 8-Lead PDIP 0°C to 70°C

LT1167CS8 LT1167CS8#TR 1167 8-Lead Plastic SO 0°C to 70°C

LT1167IN8 LT1167IN8#TR LT1167I 8-Lead PDIP –40°C to 85°C

LT1167IS8 LT1167IS8#TR 1167I 8-Lead Plastic SO –40°C to 85°C

Consult LTC Marketing for parts specified with wider operating temperature ranges. *The temperature grade is identified by a label on the shipping container. 

Consult LTC Marketing for information on non-standard lead based finish parts.

For more information on lead free part marking, go to: http://www.linear.com/leadfree/ 
For more information on tape and reel specifications, go to: http://www.linear.com/tapeandreel/
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 ELECTRICAL CHARACTERISTICS VS = ±15V, VCM = 0V, TA = 25°C, RL = 2k, unless otherwise noted.

SYMBOL PARAMETER CONDITIONS (NOTE 7)

LT1167AC/LTC1167AI
LT1167AC-1/LTC1167AI-1

LT1167C/LTC1167I
LT1167C-1/LTC1167I-1

UNITSMIN TYP MAX MIN TYP MAX

G Gain Range G = 1 + (49.4k/RG) 1 10k 1 10k

Gain Error G = 1
G = 10 (Note 2)
G = 100 (Note 2)
G = 1000 (Note 2)

0.008
0.010
0.025
0.049

0.02
0.08
0.08
0.10

0.015
0.020
0.030
0.040

0.03
0.10
0.10
0.10

%
%
%
%

Gain Nonlinearity (Note 5) VO = ±10V, G = 1
VO = ±10V, G = 10 and 100
VO = ±10V, G = 1000

1
2

15

6
10
40

1.5
3

20

10
15
60

ppm
ppm
ppm

VO = ±10V, G = 1, RL = 600
VO = ±10V, G = 10 and 100, 
RL = 600
VO = ±10V, G = 1000, RL = 600

5
6

20

12
15

65

6
7

25

15
20

80

ppm
ppm

ppm

VOST Total Input Referred Offset Voltage VOST = VOSI + VOSO/G

VOSI Input Offset Voltage G = 1000, VS = ±5V to ±15V 15 40 20 60 μV

VOSO Output Offset Voltage G = 1, VS = ±5V to ±15V 40 200 50 300 μV

IOS Input Offset Current 90 320 100 450 pA

IB Input Bias Current 50 350 80 500 pA

en Input Noise Voltage (Note 8) 0.1Hz to 10Hz, G = 1
0.1Hz to 10Hz, G = 10
0.1Hz to 10Hz, G = 100 
and 1000

2.00
0.50
0.28

2.00
0.50
0.28

μVP-P
μVP-P
μVP-P

Total RTI Noise = √eni2 + (eno/G)2 (Note 8)

eni Input Noise Voltage Density 
(Note 8)

fO = 1kHz 7.5 12 7.5 12 nV/√Hz

eno Output Noise Voltage Density 
(Note 8)

fO = 1kHz (Note 3) 67 90 67 90 nV/√Hz

in Input Noise Current fO = 0.1Hz to 10Hz 10 10 pAP-P

Input Noise Current Densty fO = 10Hz 124 124 fA/√Hz

RIN Input Resistance VIN = ±10V 200 1000 200 1000 GΩ

CIN(DIFF) Differential Input Capacitance fO = 100kHz 1.6 1.6 pF

CIN(CM) Common Mode Input Capacitance fO = 100kHz 1.6 1.6 pF

VCM Input Voltage Range G = 1, Other Input Grounded
   VS = ±2.3V to ±5V
   VS = ±5V to ±18V

–VS + 1.9
–VS + 1.9

+VS – 1.2
+VS – 1.4

–VS + 1.9
–VS + 1.9

+VS – 1.2
+VS – 1.4

V
V

CMRR Common Mode Rejection Ratio 1k Source Imbalance, 
VCM = 0V to ±10V
   G = 1
   G = 10
   G = 100
   G = 1000

90
106
120
126

95
115
125
140

85
100
110
120

95
115
125
140

dB
dB
dB
dB

PSRR Power Supply Rejection Ratio VS = ±2.3V to ±18V
   G = 1
   G = 10
   G = 100
   G = 1000 

105
125
131
135

120
135
140
150

100
120
126
130

120
135
140
150

dB
dB
dB
dB

IS Supply Current VS = ±2.3V to ±18V 0.9 1.3 0.9 1.3 mA

VOUT Output Voltage Swing RL = 10k
   VS = ±2.3V to ±5V
   VS = ±5V to ±18V

–VS + 1.1
–VS + 1.2

+VS – 1.2
+VS – 1.3

–VS + 1.1
–VS + 1.2

+VS – 1.2
+VS – 1.3

V
V

LT1167
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 ELECTRICAL CHARACTERISTICS VS = ±15V, VCM = 0V, TA = 25°C, RL = 2k, unless otherwise noted.

The l denotes the specifications which apply over the full operating temperature range, otherwise specifications are at TA = 25°C. 
VS = ±15V, VCM = 0V, 0°C ≤ TA ≤ 70°C, RL = 2k, unless otherwise noted.

SYMBOL PARAMETER CONDITIONS (NOTE 7)

LT1167AC/LTC1167AI
LT1167AC-1/LTC1167AI-1

LT1167C/LTC1167I
LT1167C-1/LTC1167I-1

UNITSMIN TYP MAX MIN TYP MAX

IOUT Output Current 20 27 20 27 mA

BW Bandwidth G = 1
G = 10
G = 100
G = 1000

1000
800
120
12

1000
800
120
12

kHz
kHz
kHz
kHz

SR Slew Rate G = 1, VOUT = ±10V 0.75 1.2 0.75 1.2 V/μs

Settling Time to 0.01% 10V Step
   G = 1 to 100
   G = 1000

14
130

14
130

μs
μs

RREFIN Reference Input Resistance 20 20 kΩ

IREFIN Reference Input Current VREF = 0V 50 50 μA

VREF Reference Voltage Range –VS + 1.6 +VS – 1.6 –VS + 1.6 +VS – 1.6 V

AVREF Reference Gain to Output 1 ±0.0001 1 ±0.0001

SYMBOL PARAMETER CONDITIONS (NOTE 7)
LT1167AC/LT1167AC-1 LT1167C/LT1167C-1

UNITSMIN TYP MAX MIN TYP MAX

Gain Error G = 1
G = 10 (Note 2)
G = 100 (Note 2)
G = 1000 (Note 2)

l

l

l

l

0.01
0.08
0.09
0.14

0.03
0.30
0.30
0.33

0.012
0.100
0.120
0.140

0.04
0.33
0.33
0.35

%
%
%
%

Gain Nonlinearity VOUT = ±10V, G = 1
VOUT = ±10V, G = 10 and 100
VOUT = ±10V, G = 1000

l

l

l

1.5
3

20

10
15
60

3
4

25

15
20
80

ppm
ppm
ppm

G/T Gain vs Temperature G < 1000 (Note 2) l 20 50 20 50 ppm/°C

VOST Total Input Referred 
Offset Voltage

VOST = VOSI + VOSO/G

VOSI Input Offset Voltage VS = ±5V to ±15V l 18 60 23 80 μV

VOSIH Input Offset Voltage Hysteresis (Notes 3, 6) 3.0 3.0 μV

VOSO Output Offset Voltage VS = ±5V to ±15V l 60 380 70 500 μV

VOSOH Output Offset Voltage Hysteresis (Notes 3, 6) 30 30 μV

VOSI/T Input Offset Drift (Note 8) (Note 3) l 0.05 0.3 0.06 0.4 μV/°C

VOSO/T Output Offset Drift (Note 3) l 0.7 3 0.8 4 μV/°C

IOS Input Offset Current l 100 400 120 550 pA

IOS/T Input Offset Current Drift l 0.3 0.4 pA/°C

IB Input Bias Current l 75 450 105 600 pA

IB/T Input Bias Current Drift l 0.4 0.4 pA/°C

VCM Input Voltage Range G = 1, Other Input Grounded
   VS = ±2.3V to ±5V
   VS = ±5V to ±18V

l

l

–VS+2.1
–VS+2.1

+VS–1.3
+VS–1.4

–VS+2.1
–VS+2.1

+VS–1.3
+VS–1.4

V
V

CMRR Common Mode Rejection Ratio 1k Source Imbalance,
VCM = 0V to ±10V
   G = 1
   G = 10
   G = 100
   G = 1000

l

l

l

l

88
100
115
117

92
110
120
135

83
97

113
114

92
110
120
135

dB
dB
dB
dB
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The l denotes the specifications which apply over the full operating temperature range, otherwise specifications are at TA = 25°C. 
VS = ±15V, VCM = 0V, –40°C ≤ TA ≤ 85°C, RL = 2k, unless otherwise noted.

SYMBOL PARAMETER CONDITIONS (NOTE 7)
LT1167AI/LT1167AI-1 LT1167I/LT1167I-1

UNITSMIN TYP MAX MIN TYP MAX

Gain Error G = 1
G = 10 (Note 2)
G = 100 (Note 2)
G = 1000 (Note 2)

l

l

l

l

0.014
0.130
0.140
0.160

0.04
0.40
0.40
0.40

0.015
0.140
0.150
0.180

0.05
0.42
0.42
0.45

%
%
%
%

GN Gain Nonlinearity (Notes 2, 4) VO = ±10V, G = 1
VO = ±10V, G = 10 and 100
VO = ±10V, G = 1000

l

l

l

2
5

26

15
20
70

3
6

30

20
30
100

ppm
ppm
ppm

G/T Gain vs Temperature G < 1000 (Note 2) l 20 50 20 50 ppm/°C

VOST Total Input Referred 
Offset Voltage

VOST = VOSI + VOSO/G

VOSI Input Offset Voltage l 20 75 25 100 μV

VOSIH Input Offset Voltage Hysteresis (Notes 3, 6) 3.0 3.0 μV

VOSO Output Offset Voltage l 180 500 200 600 μV

VOSOH Output Offset Voltage Hysteresis (Notes 3, 6) 30 30 μV

VOSI/T Input Offset Drift (Note 8) (Note 3) l 0.05 0.3 0.06 0.4 μV/°C

VOSO/T Output Offset Drift (Note 3) l 0.8 5 1 6 μV/°C

IOS Input Offset Current l 110 550 120 700 pA

IOS/T Input Offset Current Drift l 0.3 0.3 pA/°C

IB Input Bias Current l 180 600 220 800 pA

IB/T Input Bias Current Drift l 0.5 0.6 pA/°C

VCM Input Voltage Range VS = ±2.3V to ±5V
VS = ±5V to ±18V

l

l

–VS+2.1
–VS+2.1

+VS–1.3
+VS–1.4

–VS+2.1
–VS+2.1

+VS–1.3
+VS–1.4

V
V

CMRR Common Mode Rejection Ratio 1k Source Imbalance,
VCM = 0V to ±10V
   G = 1
   G = 10
   G = 100
   G = 1000

l

l

l

l

86
98
114
116

90
105
118
133

81
95

112
112

90
105
118
133

dB
dB
dB
dB

 ELECTRICAL CHARACTERISTICS The l denotes the specifications which apply over the full operating 
temperature range, otherwise specifications are at TA = 25°C. VS = ±15V, VCM = 0V, 0°C ≤ TA ≤ 70°C, RL = 2k, unless otherwise noted.

SYMBOL PARAMETER CONDITIONS (NOTE 7)
LT1167AC/LT1167AC-1 LT1167C/LT1167C-1

UNITSMIN TYP MAX MIN TYP MAX

PSRR Power Supply Rejection Ratio VS = ±2.3V to ±18V
   G = 1
   G = 10
   G = 100
   G = 1000

l

l

l

l

103
123
127
129

115
130
135
145

98
118
124
126

115
130
135
145

dB
dB
dB
dB

IS Supply Current VS = ±2.3V to ±18V l 1.0 1.5 1.0 1.5 mA

VOUT Output Voltage Swing RL = 10k
   VS = ±2.3V to ±5V
   VS = ±5V to ±18V

l

l

–VS  +1.4
–VS  +1.6

+VS  –1.3
+VS  –1.5

–VS+1.4
–VS+1.6

+VS  –1.3
+VS  –1.5

V
V

IOUT Output Current l 16 21 16 21 mA

SR Slew Rate G = 1, VOUT = ±10V l 0.65 1.1 0.65 1.1 V/μs

VREF REF Voltage Range (Note 3) l –VS  +1.6 +VS  –1.6 –VS  +1.6 +VS  –1.6 V
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 ELECTRICAL CHARACTERISTICS The l denotes the specifications which apply over the full operating 
temperature range, otherwise specifications are at TA = 25°C. VS = ±15V, VCM = 0V, 0°C ≤ TA ≤ 70°C, RL = 2k, unless otherwise noted.

SYMBOL PARAMETER CONDITIONS (NOTE 7)
LT1167AI/LT1167AI-1 LT1167I/LT1167I-1

UNITSMIN TYP MAX MIN TYP MAX

PSRR Power Supply Rejection Ratio VS = ±2.3V to ±18V
   G = 1
   G = 10
   G = 100
   G = 1000

l

l

l

l

100
120
125
128

112
125
132
140

95
115
120
125

112
125
132
140

dB
dB
dB
dB

IS Supply Current l 1.1 1.6 1.1 1.6 mA

VOUT Output Voltage Swing VS = ±2.3V to ±5V
VS = ±5V to ±18V

l

l

–VS  +1.4
–VS  +1.6

+VS  –1.3
+VS  –1.5

–VS  +1.4
–VS  +1.6

+VS  –1.3
+VS  –1.5

V
V

IOUT Output Current l 15 20 15 20 mA

SR Slew Rate G = 1, VOUT = ±10V l 0.55 0.95 0.55 0.95 V/μs

VREF REF Voltage Range (Note 3) l –VS  +1.6 +VS  –1.6 –VS  +1.6 +VS  –1.6 V

Note 1: Stresses beyond those listed under Absolute Maximum Ratings 

may cause permanent damage to the device. Exposure to any Absolute 

Maximum Rating condition for extended periods may affect device 

reliability and lifetime.

Note 2: Does not include the effect of the external gain resistor RG.

Note 3: This parameter is not 100% tested.

Note 4: The LT1167AC/LT1167C/LT1167AC-1/LT1167C-1 are designed, 

characterized and expected to meet the industrial temperature limits, but 

are not tested at –40°C and 85°C. I-grade parts are guaranteed.

Note 5: This parameter is measured in a high speed automatic tester that 

does not measure the thermal effects with longer time constants. The 

magnitude of these thermal effects are dependent on the package used, 

heat sinking and air flow conditions.

Note 6: Hysteresis in offset voltage is created by package stress that 

differs depending on whether the IC was previously at a higher or lower 

temperature. Offset voltage hysteresis is always measured at 25°C, but 

the IC is cycled to 85°C I-grade (or 70°C C-grade) or –40°C I-grade 

(0°C C-grade) before successive measurement. 60% of the parts will 

pass the typical limit on the data sheet.

Note 7: Typical parameters are defined as the 60% of the yield parameter 

distribution.

Note 8: Referred to input.
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 TYPICAL PERFORMANCE CHARACTERISTICS

Distribution of Input 
Offset Voltage, TA = –40°C

Distribution of Input 
Offset Voltage, TA = 25°C

Distribution of Input 
Offset Voltage, TA = 85°C

Gain Nonlinearity, G = 1

Gain Nonlinearity, G = 1000

Gain Nonlinearity, G = 10

Gain Nonlinearity vs Temperature

Gain Nonlinearity, G = 100

Gain Error vs Temperature
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VOUT = ±10V
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TYPICAL PERFORMANCE CHARACTERISTICS

Distribution of Input Offset 
Voltage Drift

Distribution of Output Offset 
Voltage Drift Warm-Up Drift

Input Bias Current Input Offset Current

Input Bias and Offset Current

vs Temperature

Distribution of Output 
Offset Voltage, TA = –40°C

Distribution of Output 
Offset Voltage, TA = 25°C

Distribution of Output 
Offset Voltage, TA = 85°C
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TYPICAL PERFORMANCE CHARACTERISTICS

Positive Power Supply Rejection 
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Voltage Noise Density 
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0.1Hz to 10Hz Noise Voltage, 
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TYPICAL PERFORMANCE CHARACTERISTICS

Overshoot vs Capacitive Load Large-Signal Transient Response Small-Signal Transient Response
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TYPICAL PERFORMANCE CHARACTERISTICS

Settling Time vs Gain Large-Signal Transient Response Small-Signal Transient Response

Settling Time vs Step Size Slew Rate vs Temperature
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 BLOCK DIAGRAM

 THEORY OF OPERATION
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Figure 1. Block Diagram

The LT1167 is a modified version of the three op amp 
instrumentation amplifier. Laser trimming and mono-
lithic construction allow tight matching and tracking of 
circuit parameters over the specified temperature range. 
Refer to the block diagram (Figure 1) to understand the 
following circuit description. The collector currents in 
Q1 and Q2 are trimmed to minimize offset voltage drift, 
thus assuring a high level of performance. R1 and R2 are 
trimmed to an absolute value of 24.7k to assure that the 
gain can be set accurately (0.05% at G = 100) with only 
one external resistor RG. The value of RG determines the 
transconductance of the preamp stage. As RG is reduced 
for larger programmed gains, the transconductance of 
the input preamp stage increases to that of the input 
transistors Q1 and Q2. This increases the open-loop gain 
when the programmed gain is increased, reducing the 
input referred gain related errors and noise. The input 
voltage noise at gains greater than 50 is determined only 
by Q1 and Q2. At lower gains the noise of the difference 
amplifier and preamp gain setting resistors increase the 
noise. The gain bandwidth product is determined by C1, 
C2 and the preamp transconductance which increases 

with programmed gain. Therefore, the bandwidth does 
not drop proportionally to gain.

The input transistors Q1 and Q2 offer excellent matching, 
which is inherent in NPN bipolar transistors, as well as 
picoampere input bias current due to superbeta process-
ing. The collector currents in Q1 and Q2 are held constant 
due to the feedback through the Q1-A1-R1 loop and
Q2-A2-R2 loop which in turn impresses the differential 
input voltage across the external gain set resistor RG. Since 
the current that flows through RG also flows through R1 
and R2, the ratios provide a gained-up differential voltage, 
G = (R1 + R2)/RG, to the unity-gain difference amplifier A3. 
The common mode voltage is removed by A3, resulting 
in a single-ended output voltage referenced to the voltage 
on the REF pin. The resulting gain equation is:

 VOUT – VREF = G(VIN
+ – VIN

–)

where:

 G = (49.4kΩ/RG) + 1

solving for the gain set resistor gives:

 RG = 49.4kΩ/(G – 1)
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THEORY OF OPERATION
Input and Output Offset Voltage

The offset voltage of the LT1167 has two components: 
the output offset and the input offset. The total offset 
voltage referred to the input (RTI) is found by dividing the 
output offset by the programmed gain (G) and adding it 
to the input offset. At high gains the input offset voltage 
dominates, whereas at low gains the output offset voltage 
dominates. The total offset voltage is:

 Total input offset voltage (RTI)    
 = input offset + (output offset/G)

 Total output offset voltage (RTO)    
 = (input offset • G) + output offset

Reference Terminal

The reference terminal is one end of one of the four 10k 
resistors around the difference amplifier. The output volt-
age of the LT1167 (Pin 6) is referenced to the voltage on 
the reference terminal (Pin 5). Resistance in series with 
the REF pin must be minimized for best common mode 
rejection. For example, a 2Ω resistance from the REF pin 
to ground will not only increase the gain error by 0.02% 
but will lower the CMRR to 80dB.

Single Supply Operation

For single supply operation, the REF pin can be at the 
same potential as the negative supply (Pin 4) provided the 
output of the instrumentation amplifier remains inside the 
specified operating range and that one of the inputs is at 
least 2.5V above ground. The barometer application on 
the front page of this data sheet is an example that satis-
fies these conditions. The resistance Rb from the bridge 
transducer to ground sets the operating current for the 
bridge and also has the effect of raising the input common 
mode voltage. The output of the LT1167 is always inside 
the specified range since the barometric pressure rarely 
goes low enough to cause the output to rail (30.00 inches 
of Hg corresponds to 3.000V). For applications that require 
the output to swing at or below the REF potential, the 
voltage on the REF pin can be level shifted. An op amp is 
used to buffer the voltage on the REF pin since a parasitic 
series resistance will degrade the CMRR. The application 
in the back of this data sheet, Four Digit Pressure Sensor, 
is an example.

Output Offset Trimming

The LT1167 is laser trimmed for low offset voltage so that 
no external offset trimming is required for most applica-
tions. In the event that the offset needs to be adjusted, the 
circuit in Figure 2 is an example of an optional offset adjust 
circuit. The op amp buffer provides a low impedance to 
the REF pin where resistance must be kept to minimum 
for best CMRR and lowest gain error.
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10k

100Ω

100Ω
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1167 F02V–
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5
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±10mV
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RG

3

–

+

LT1167
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Figure 2. Optional Trimming of Output Offset Voltage

Input Bias Current Return Path

The low input bias current of the LT1167 (350pA) and 
the high input impedance (200GΩ) allow the use of high 
impedance sources without introducing additional offset 
voltage errors, even when the full common mode range is 
required. However, a path must be provided for the input 
bias currents of both inputs when a purely differential 
signal is being amplified. Without this path the inputs 
will float to either rail and exceed the input common 
mode range of the LT1167, resulting in a saturated input 
stage. Figure 3 shows three examples of an input bias 
current path. The first example is of a purely differential 
signal source with a 10kΩ input current path to ground. 
Since the impedance of the signal source is low, only one 
resistor is needed. Two matching resistors are needed for 
higher impedance signal sources as shown in the second
example. Balancing the input impedance improves both 
common mode rejection and DC offset. The need for input 
resistors is eliminated if a center tap is present as shown 
in the third example.
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THEORY OF OPERATION
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Figure 3. Providing an Input Common Mode Current Path

The LT1167 is a low power precision instrumentation 
amplifier that requires only one external resistor to accu-
rately set the gain anywhere from 1 to 1000. The output 
can handle capacitive loads up to 1000pF in any gain 
configuration and the inputs are protected against ESD 
strikes up to 13kV (human body).

Input Current at High Common Mode Voltage

When operating within the specified input common mode 
range, both the LT1167 and LT1167-1 operate as shown 
in the Input Bias Current vs Common Mode Input Voltage 
graph shown in the Typical Performance Characteristics. 
If however the inputs are within approximately 0.8V of 
the positive supply, the LT1167 input current will increase 
to approximately –1μA to –3μA. If the impedance of the 
circuit driving the LT1167 inputs is sufficiently high (e.g., 
10MΩ when +VS = 15V), this increased input current can 
pull the input voltage sufficiently high to keep the elevated 
input current flowing. The LT1167-1 has been modified so 
that the input current is typically two orders of magnitude 
lower under similar conditions. The LT1167-1 is recom-
mended for new designs where input impedance is high.

Input Protection

The LT1167 can safely handle up to ±20mA of input cur-
rent in an overload condition. Adding an external 5k input 
resistor in series with each input allows DC input fault 
voltages up to ±100V and improves the ESD immunity 
to 8kV (contact) and 15kV (air discharge), which is the 
IEC 1000-4-2 level 4 specification. If lower value input 

resistors are needed, a clamp diode from the positive supply 
to each input will maintain the IEC 1000-4-2 specification 
to level 4 for both air and contact discharge. A 2N4393 
drain/source to gate is a good low leakage diode for use 
with 1k resistors, see Figure 4. The input resistors should 
be carbon and not metal film or carbon film.

VEE 1167 F04

VCC

VCCVCC

J2
2N4393

J1
2N4393

OUT

OPTIONAL FOR HIGHEST
ESD PROTECTION

RG

RIN

RIN –

+

LT1167
REF

Figure 4. Input Protection

RFI Reduction

In many industrial and data acquisition applications, 
instrumentation amplifiers are used to accurately amplify 
small signals in the presence of large common mode volt-
ages or high levels of noise. Typically, the sources of these 
very small signals (on the order of microvolts or millivolts) 
are sensors that can be a significant distance from the 
signal conditioning circuit. Although these sensors may be 
connected to signal conditioning circuitry, using shielded 
or unshielded twisted-pair cabling, the cabling may act 
as antennae, conveying very high frequency interference 
directly into the input stage of the LT1167.
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The amplitude and frequency of the interference can have 
an adverse effect on an instrumentation amplifier’s input 
stage by causing an unwanted DC shift in the amplifier’s 
input offset voltage. This well known effect is called RFI 
rectification and is produced when out-of-band interference 
is coupled (inductively, capacitively or via radiation) and 
rectified by the instrumentation amplifier’s input transis-
tors. These transistors act as high frequency signal detec-
tors, in the same way diodes were used as RF envelope 
detectors in early radio designs. Regardless of the type 
of interference or the method by which it is coupled into 
the circuit, an out-of-band error signal appears in series 
with the instrumentation amplifier’s inputs.

To significantly reduce the effect of these out-of-band 
signals on the input offset voltage of instrumentation am-
plifiers, simple lowpass filters can be used at the inputs. 
These filters should be located very close to the input pins 
of the circuit. An effective filter configuration is illustrated 
in Figure 5, where three capacitors have been added to the 
inputs of the LT1167. Capacitors CXCM1 and CXCM2 form 
lowpass filters with the external series resistors RS1, 2 
to any out-of-band signal appearing on each of the input 
traces. Capacitor CXD forms a filter to reduce any unwanted 
signal that would appear across the input traces. An added 
benefit to using CXD is that the circuit’s AC common mode 
rejection is not degraded due to common mode capacitive 

imbalance. The differential mode and common mode time 
constants associated with the capacitors are:

 tDM(LPF) = (2)(RS)(CXD)

 tCM(LPF) = (RS1, 2)(CXCM1, 2)

Setting the time constants requires a knowledge of the 
frequency, or frequencies of the interference. Once this 
frequency is known, the common mode time constants can 
be set followed by the differential mode time constant. To 
avoid any possibility of inadvertently affecting the signal 
to be processed, set the common mode time constant an 
order of magnitude (or more) larger than the differential 
mode time constant. Set the common mode time constants 
such that they do not degrade the LT1167’s inherent AC 
CMR. Then the differential mode time constant can be set 
for the bandwidth required for the application. Setting the 
differential mode time constant close to the sensor’s BW 
also minimizes any noise pickup along the leads. To avoid 
any possibility of common mode to differential mode signal 
conversion, match the common mode time constants to 
1% or better. If the sensor is an RTD or a resistive strain 
gauge, then the series resistors RS1, 2 can be omitted, if the 
sensor is in proximity to the instrumentation amplifier. 

“Roll Your Own”—Discrete vs Monolithic LT1167 
Error Budget Analysis

The LT1167 offers performance superior to that of “roll 
your own” three op amp discrete designs. A typical ap-
plication that amplifies and buffers a bridge transducer’s 
differential output is shown in Figure 6. The amplifier, with 
its gain set to 100, amplifies a differential, full-scale output 
voltage of 20mV over the industrial temperature range. To 
make the comparison challenging, the low cost version of 
the LT1167 will be compared to a discrete instrumentation 
amp made with the A grade of one of the best precision 
quad op amps, the LT1114A. The LT1167C outperforms 
the discrete amplifier that has lower VOS, lower IB and 
comparable VOS drift. The error budget comparison in 
Table 1 shows how various errors are calculated and how 
each error affects the total error budget. The table shows 
the greatest differences between the discrete solution and 
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IN–
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Figure 5. Adding a Simple RC Filter at the Inputs to an 
Instrumentation Amplifier Is Effective in Reducing Rectification 
of High Frequency Out-of-Band Signals
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INSTRUMENTATION AMPLIFIER
G = 100, RG = ±10ppm TC
SUPPLY CURRENT = 1.3mA MAX

     “ROLL YOUR OWN” INST AMP, G = 100
  * 0.02% RESISTOR MATCH, 3ppm/°C TRACKING
** DISCRETE 1% RESISTOR, ±100ppm/°C TC
     100ppm TRACKING
     SUPPLY CURRENT = 1.35mA FOR 3 AMPLIFIERS

1167 F06
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499Ω
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1/4
LT1114A

10k**
202Ω**

10k*

10k* 10k*

10k*

–

+

LT1167C

REF

Figure 6. “Roll Your Own” vs LT1167

Table 1. “Roll Your Own” vs LT1167 Error Budget

ERROR SOURCE LT1167C CIRCUIT CALCULATION
“ROLL YOUR OWN”’ CIRCUIT 
CALCULATION

ERROR, ppm OF FULL SCALE

LT1167C “ROLL YOUR OWN”

Absolute Accuracy at TA = 25°C
Input Offset Voltage, μV
Output Offset Voltage, μV
Input Offset Current, nA
CMR, dB

60μV/20mV
(300μV/100)/20mV
[(450pA)(350/2)Ω]/20mV
110dB→[(3.16ppm)(5V)]/20mV

100μV/20mV
[(60μV)(2)/100]/20mV
[(450pA)(350Ω)/2]/20mV
[(0.02% Match)(5V)]/20mV

3000
150

4
790

5000
60
4

500

Drift to 85°C
Gain Drift, ppm/°C
Input Offset Voltage Drift, μV/°C
Output Offset Voltage Drift, μV/°C

(50ppm + 10ppm)(60°C)
[(0.4μV/°C)(60°C)]/20mV
[(6μV/°C)(60°C)]/100/20mV

Total Absolute Error

(100ppm/°C Track)(60°C)
[(1.6μV/°C)(60°C)]/20mV
[(1.1μV/°C)(2)(60°C)]/100/20mV

3944

3600
1200
180

5564

6000
4800

66

Resolution
Gain Nonlinearity, ppm of Full Scale
Typ 0.1Hz to 10Hz Voltage Noise, μVP-P

15ppm
0.28μVP-P/20mV

Total Drift Error

10ppm
(0.3μVP-P)(√2)/20mV

4980

15
14

10866

10
21

Total Resolution Error
Grand Total Error

29
8953

31
16461

G = 100, VS = ±15V
All errors are min/max and referred to input.

the LT1167 are input offset voltage and CMRR. Note that 
for the discrete solution, the noise voltage specification is 
multiplied by √2 which is the RMS sum of the uncorelated 
noise of the two input amplifiers. Each of the amplifier er-
rors is referenced to a full-scale bridge differential voltage 
of 20mV. The common mode range of the bridge is 5V. The 
LT1114 data sheet provides offset voltage, offset voltage 
drift and offset current specifications for the matched op 
amp pairs used in the error-budget table. Even with an 
excellent matched op amp like the LT1114, the discrete 
solution’s total error is significantly higher than the LT1167’s 

total error. The LT1167 has additional advantages over 
the discrete design, including lower component cost and 
smaller size.

Current Source

Figure 7 shows a simple, accurate, low power program-
mable current source. The differential voltage across 
Pins 2 and 3 is mirrored across RG. The voltage across 
RG is amplified and applied across RX, defining the out-
put current. The 50μA bias current flowing from Pin 5 is 
buffered by the LT1464 JFET operational amplifier. This 
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Figure 7. Precision Voltage-to-Current Converter
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Figure 8. Nerve Impulse Amplifier

has the effect of improving the resolution of the current 
source to 3pA, which is the maximum IB of the LT1464A. 
Replacing RG with a programmable resistor greatly
increases the range of available output currents.

Nerve Impulse Amplifier

The LT1167’s low current noise makes it ideal for high 
source impedance EMG monitors. Demonstrating the 
LT1167’s ability to amplify low level signals, the circuit in 
Figure 8 takes advantage of the amplifier’s high gain and 
low noise operation. This circuit amplifies the low level 
nerve impulse signals received from a patient at Pins 2 
and 3. RG and the parallel combination of R3 and R4 set 
a gain of ten. The potential on LT1112’s Pin 1 creates a 
ground for the common mode signal. C1 was chosen to 
maintain the stability of the patient ground. The LT1167’s 

high CMRR ensures that the desired differential signal 
is amplified and unwanted common mode signals are 
attenuated. Since the DC portion of the signal is not 
important, R6 and C2 make up a 0.3Hz highpass filter. 
The AC signal at LT1112’s Pin 5 is amplified by a gain of 
101 set by (R7/R8) +1. The parallel combination of C3 
and R7 form a lowpass filter that decreases this gain at 
frequencies above 1kHz. The ability to operate at ±3V 
on 0.9mA of supply current makes the LT1167 ideal for 
battery-powered applications. Total supply current for 
this application is 1.7mA. Proper safeguards, such as 
isolation, must be added to this circuit to protect the 
patient from possible harm.

Low IB Favors High Impedance Bridges, 
Lowers Dissipation

The LT1167’s low supply current, low supply voltage 
operation and low input bias currents optimize it for 
battery-powered applications. Low overall power dis-
sipation necessitates using higher impedance bridges. 
The single supply pressure monitor application (Figure 9) 
shows the LT1167 connected to the differential output of 
a 3.5k bridge. The bridge’s impedance is almost an order 
of magnitude higher than that of the bridge used in the 
error-budget table. The picoampere input bias currents 
keep the error caused by offset current to a negligible 
level. The LT1112 level shifts the LT1167’s reference pin 
and the ADC’s analog ground pins above ground. The 
LT1167’s and LT1112’s combined power dissipation 
is still less than the bridge’s. This circuit’s total supply 
current is just 2.8mA.
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Figure 9. Single Supply Bridge Amplifier

AC Coupled Instrumentation Amplifier
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PACKAGE DESCRIPTION
Please refer to http://www.linear.com/designtools/packaging/ for the most recent package drawings.
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PACKAGE DESCRIPTION
Please refer to http://www.linear.com/designtools/packaging/ for the most recent package drawings.
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Information furnished by Linear Technology Corporation is believed to be accurate and reliable. 
However, no responsibility is assumed for its use. Linear Technology Corporation makes no representa-
tion that the interconnection of its circuits as described herein will not infringe on existing patent rights.

REV DATE DESCRIPTION PAGE NUMBER

B 01/11 Added LT1167-1 to Description, Absolute Maximum Ratings, Order Information, Electrical Characteristics and 
Applications Information Section

1-6, 15

C 08/11 Correction to TYP specification for SR from 12 to 1.2

Columns shifted to left in CMRR specification

4

4, 5

 REVISION HISTORY (Revision history begins at Rev B)
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0.2% ACCURACY AT ROOM TEMP
1.2% ACCURACY AT 0°C TO 60°C

VOLTS

2.800
3.000
3.200

INCHES Hg

28.00
30.00
32.00

PART NUMBER DESCRIPTION COMMENTS

LTC1100 Precision Chopper-Stabilized Instrumentation Amplifier Best DC Accuracy

LT1101 Precision, Micropower, Single Supply Instrumentation Amplifier Fixed Gain of 10 or 100, IS < 105μA

LT1102 High Speed, JFET Instrumentation Amplifier Fixed Gain of 10 or 100, 30V/μs Slew Rate

LT1168 Low Power, Single Resistor Programmable Instrumentation Amplifier ISUPPLY = 530μA Max

LTC1418 14-Bit, Low Power, 200ksps ADC with Serial and Parallel I/O Single Supply 5V or ±5V Operation, ±1.5LSB INL 
and ±1LSB DNL Max

LT1460 Precision Series Reference Micropower; 2.5V, 5V, 10V Versions; High Precision

LT1468 16-Bit Accurate Op Amp, Low Noise Fast Settling 16-Bit Accuracy at Low and High Frequencies, 90MHz GBW, 
22V/μs, 900ns Settling

LTC1562 Active RC Filter Lowpass, Bandpass, Highpass Responses; Low Noise, 
Low Distortion, Four 2nd Order Filter Sections

LTC1605 16-Bit, 100ksps, Sampling ADC Single 5V Supply, Bipolar Input Range: ±10V, 
Power Dissipation: 55mW Typ
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BUF634

FEATURES
● HIGH OUTPUT CURRENT: 250mA

● SLEW RATE: 2000V/ µs

● PIN-SELECTED BANDWIDTH:
30MHz to 180MHz

● LOW QUIESCENT CURRENT:
1.5mA (30MHz BW)

● WIDE SUPPLY RANGE: ±2.25 to ±18V

● INTERNAL CURRENT LIMIT

● THERMAL SHUTDOWN PROTECTION

● 8-PIN DIP, SO-8, 5-LEAD TO-220, 5-LEAD
DDPAK SURFACE-MOUNT

BW

NC

VIN

V–

NC

V+

VO

NC

1

2

3

4

8

7

6

5

8-Pin DIP Package
SO-8 Surface-Mount Package

G = 1

®

APPLICATIONS
● VALVE DRIVER

● SOLENOID DRIVER

● OP AMP CURRENT BOOSTER

● LINE DRIVER

● HEADPHONE DRIVER

● VIDEO DRIVER

● MOTOR DRIVER

● TEST EQUIPMENT

● ATE PIN DRIVER

DESCRIPTION
The BUF634 is a high speed unity-gain open-loop
buffer recommended for a wide range of applications.
It can be used inside the feedback loop of op amps to
increase output current, eliminate thermal feedback
and improve capacitive load drive.

For low power applications, the BUF634 operates
on 1.5mA quiescent current with 250mA output,
2000V/µs slew rate and 30MHz bandwidth. Band-
width can be adjusted from 30MHz to 180MHz by
connecting a resistor between V– and the BW Pin.

Output circuitry is fully protected by internal current
limit and thermal shut-down making it rugged and
easy to use.

The BUF634 is available in a variety of packages to
suit mechanical and power dissipation requirements.
Types include 8-pin DIP, SO-8 surface-mount, 5-lead
TO-220, and a 5-lead DDPAK surface-mount plastic
power package.

250mA HIGH-SPEED BUFFER

BUF634

BUF634

BUF634

BUF634

G = 1 G = 1

V–
VO

V+
VIN

BW

1 2 3 4 5

5-Lead
TO-220

V–
VO

V+
VIN

BW

1 2 3 4 5

NOTE: Tabs are connected
to V– supply.

5-Lead DDPAK
Surface Mount

International Airport Industrial Park  •  Mailing Address: PO Box 11400, Tucson, AZ 85734  •  Street Address: 6730 S. Tucson Bl vd., Tucson, AZ  85706  •  Tel: (520) 746-1111  •  Twx: 910-952-1111
Internet: http://www.burr-brown.com/  •  FAXLine: (800) 548-6133 (US/Canada Only)  •  Cable: BBRCORP  •  Telex: 066-6491  •  FA X: (520) 889-1510  •  Immediate Product Info: (800) 548-6132
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BUF634

SPECIFICATIONS
ELECTRICAL

The information provided herein is believed to be reliable; however, BURR-BROWN assumes no responsibility for inaccuracies or omissions. BURR-BROWN
assumes no responsibility for the use of this information, and all use of such information shall be entirely at the user’s own risk. Prices and specifications are subject
to change without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN does not
authorize or warrant any BURR-BROWN product for use in life support devices and/or systems.

V+

V–

VOVIN

BW

V+

V–

VOVIN

✻ Specifications the same as Low Quiescent Mode.

NOTES: (1) Tests are performed on high speed automatic test equipment, at approximately 25°C junction temperature. The power dissipation of this product will
cause some parameters to shift when warmed up. See typical performance curves for over-temperature performance. (2) Limited output swing available at low supply
voltage. See Output voltage specifications. (3) Typical when all leads are soldered to a circuit board. See text for recommendations.

At TA = +25°C(1), VS = ±15V, unless otherwise noted.

BUF634P, U, T, F

LOW QUIESCENT CURRENT MODE WIDE BANDWIDTH MODE

PARAMETER CONDITION MIN TYP MAX MIN TYP MAX UNITS

INPUT
Offset Voltage ±30 ±100 ✻ ✻ mV

vs Temperature Specified Temperature Range ±100 ✻ µV/°C
vs Power Supply VS = ±2.25V(2) to ±18V 0.1 1 ✻ ✻ mV/V

Input Bias Current VIN = 0V ±0.5 ±2 ±5 ±20 µA
Input Impedance RL = 100Ω 80 || 8 8 || 8 MΩ || pF
Noise Voltage f = 10kHz 4 ✻ nV/√Hz

GAIN RL = 1kΩ, VO = ±10V 0.95 0.99 ✻ ✻ V/V
RL = 100Ω, VO = ±10V 0.85 0.93 ✻ ✻ V/V
RL = 67Ω, VO = ±10V 0.8 0.9 ✻ ✻ V/V

OUTPUT
Current Output, Continuous ±250 ✻ mA
Voltage Output, Positive IO = 10mA (V+) –2.1 (V+) –1.7 ✻ ✻ V

Negative IO = –10mA (V–) +2.1 (V–) +1.8 ✻ ✻ V
Positive IO = 100mA (V+) –3 (V+) –2.4 ✻ ✻ V
Negative IO = –100mA (V–) +4 (V– ) +3.5 ✻ ✻ V
Positive IO = 150mA (V+) –4 (V+) –2.8 ✻ ✻ V
Negative IO = –150mA (V–) +5 (V–) +4 ✻ ✻ V

Short-Circuit Current ±350 ±550 ±400 ✻ mA

DYNAMIC RESPONSE
Bandwidth, –3dB RL = 1kΩ 30 180 MHz

RL = 100Ω 20 160 MHz
Slew Rate 20Vp-p, RL = 100Ω 2000 ✻ V/µs
Settling Time, 0.1% 20V Step, RL = 100Ω 200 ✻ ns

1% 20V Step, RL = 100Ω 50 ✻ ns
Differential Gain 3.58MHz, VO = 0.7V, RL = 150Ω 4 0.4 %
Differential Phase 3.58MHz, VO = 0.7V, RL = 150Ω 2.5 0.1 °

POWER SUPPLY
Specified Operating Voltage ±15 ✻ V
Operating Voltage Range ±2.25(2) ±18 ✻ ✻ V
Quiescent Current, IQ IO = 0 ±1.5 ±2 ±15 ±20 mA

TEMPERATURE RANGE
Specification –40 +85 ✻ ✻ °C
Operating –40 +125 ✻ ✻ °C
Storage –55 +125 ✻ ✻ °C
Thermal Shutdown

Temperature, TJ 175 ✻ °C
Thermal Resistance, θJA “P” Package(3) 100 ✻ °C/W

θJA “U” Package(3) 150 ✻ °C/W
θJA “T” Package(3) 65 ✻ °C/W
θJC “T” Package 6 ✻ °C/W
θJA “F” Package(3) 65 ✻ °C/W
θJC “F” Package 6 ✻ °C/W

®

BUF6343

PIN CONFIGURATION

Top View 8-Pin Dip Package
SO-8 Surface-Mount Package

Top View

Supply Voltage ..................................................................................... ±18V
Input Voltage Range ............................................................................... ±VS

Output Short-Circuit (to ground) .................................................Continuous
Operating Temperature ..................................................... –40°C to +125°C
Storage Temperature ........................................................ –55°C to +125°C
Junction Temperature ....................................................................... +150°C
Lead Temperature (soldering,10s) .................................................... +300°C

NC = No Connection

BW

NC

VIN

V–

NC

V+

VO

NC

1

2

3

4

8

7

6

5

G = 1

Any integrated circuit can be damaged by ESD. Burr-Brown
recommends that all integrated circuits be handled with
appropriate precautions. Failure to observe proper handling
and installation procedures can cause damage.

ESD damage can range from subtle performance degrada-
tion to complete device failure. Precision integrated circuits
may be more susceptible to damage because very small
parametric changes could cause the device not to meet
published specifications.

ELECTROSTATIC
DISCHARGE SENSITIVITY

NOTE: Tab electrically
connected to V–.

G = 1 G = 1

V–
VO

V+
VIN

BW

1 2 3 4 5

5-Lead
TO-220

V–
VO

V+
VIN

BW

1 2 3 4 5

5-Lead DDPAK
Surface Mount

PACKAGE
DRAWING TEMPERATURE

PRODUCT PACKAGE NUMBER (1) RANGE

BUF634P 8-Pin Plastic DIP 006 –40°C to +85°C
BUF634U SO-8 Surface-Mount 182 –40°C to +85°C
BUF634T 5-Lead TO-220 315 –40°C to +85°C
BUF634F 5-Lead DDPAK 325 –40°C to +85°C

NOTE: (1) For detailed drawing and dimension table, please see end of data
sheet, or Appendix C of Burr-Brown IC Data Book.

PACKAGE/ORDERING INFORMATION

ABSOLUTE MAXIMUM RATINGS

4
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TYPICAL PERFORMANCE CURVES
At TA = +25°C, VS = ±15V, unless otherwise noted.
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APPLICATION INFORMATION
Figure 1 is a simplified circuit diagram of the BUF634
showing its open-loop complementary follower design.

FIGURE 2. Buffer Connections.

V–

10µF

10µF

VOBUF634

Optional connection for
wide bandwidth — see text.

RS 3

V+

6

RL4

7

1

VIN

DIP/SO-8
Pinout shown

OUTPUT CURRENT

The BUF634 can deliver up to ±250mA continuous output
current. Internal circuitry limits output current to approxi-
mately ±350mA—see typical performance curve “Short
Circuit Current vs Temperature”. For many applications,
however, the continuous output current will be limited by
thermal effects.

The output voltage swing capability varies with junction
temperature and output current—see typical curves “Output
Voltage Swing vs Output Current.” Although all four pack-
age types are tested for the same output performance using
a high speed test, the higher junction temperatures with the
DIP and SO-8 package types will often provide less output
voltage swing. Junction temperature is reduced in the DDPAK
surface-mount power package because it is soldered directly
to the circuit board. The TO-220 package used with a good
heat sink further reduces junction temperature, allowing
maximum possible output swing.

THERMAL PROTECTION

Power dissipated in the BUF634 will cause the junction
temperature to rise. A thermal protection circuit in the
BUF634 will disable the output when the junction tempera-
ture reaches approximately 175°C. When the thermal pro-
tection is activated, the output stage is disabled, allowing the
device to cool. Quiescent current is approximately 6mA
during thermal shutdown. When the junction temperature
cools to approximately 165°C the output circuitry is again
enabled. This can cause the protection circuit to cycle on and
off with a period ranging from a fraction of a second to
several minutes or more, depending on package type, signal,
load and thermal environment.

The thermal protection circuit is designed to prevent damage
during abnormal conditions. Any tendency to activate the
thermal protection circuit during normal operation is a sign
of an inadequate heat sink or excessive power dissipation for
the package type.

TO-220 package provides the best thermal performance.
When the TO-220 is used with a properly sized heat sink,
output is not limited by thermal performance. See Applica-
tion Bulletin AB-037 for details on heat sink calculations.
The DDPAK also has excellent thermal characteristics. Its
mounting tab should be soldered to a circuit board copper
area for good heat dissipation. Figure 3 shows typical
thermal resistance from junction to ambient as a function of
the copper area. The mounting tab of the TO-220 and
DDPAK packages is electrically connected to the V– power
supply.

The DIP and SO-8 surface-mount packages are excellent for
applications requiring high output current with low average
power dissipation. To achieve the best possible thermal
performance with the DIP or SO-8 packages, solder the
device directly to a circuit board. Since much of the heat is
dissipated by conduction through the package pins, sockets
will degrade thermal performance. Use wide circuit board
traces on all the device pins, including pins that are not
connected. With the DIP package, use traces on both sides
of the printed circuit board if possible.

Figure 2 shows the BUF634 connected as an open-loop
buffer. The source impedance and optional input resistor,
RS, influence frequency response—see typical curves. Power
supplies should be bypassed with capacitors connected close
to the device pins. Capacitor values as low as 0.1µF will
assure stable operation in most applications, but high output
current and fast output slewing can demand large current
transients from the power supplies. Solid tantalum 10µF
capacitors are recommended.

High frequency open-loop applications may benefit from
special bypassing and layout  considerations—see “High
Frequency  Applications” at end of applications discussion.

FIGURE 1. Simplified Circuit Diagram.

200Ω

I1(1)

V+

VO

BW V–

150Ω

4kΩ

Signal path indicated in bold.
Note: (1) Stage currents are set by I1.

Thermal
Shutdown

VIN
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the quiescent current to approximately 15mA. Intermediate
bandwidths can be set by connecting a resistor in series with
the bandwidth control pin—see typical curve "Quiescent
Current vs Resistance" for resistor selection. Characteristics
of the bandwidth control pin can be seen in the simplified
circuit diagram, Figure 1.

The rated output current and slew rate are not affected by the
bandwidth control, but the current limit value changes slightly.
Output voltage swing is somewhat improved in the wide
bandwidth mode. The increased quiescent current when in
wide bandwidth mode produces greater power dissipation
during low output current conditions. This quiescent power
is equal to the total supply voltage, (V+) + |(V–)|, times the
quiescent current.

BOOSTING OP AMP OUTPUT CURRENT

The BUF634 can be connected inside the feedback loop of
most op amps to increase output current—see Figure 4.
When connected inside the feedback loop, the BUF634’s
offset voltage and other errors are corrected by the feedback
of the op amp.

To assure that the op amp remains stable, the BUF634’s
phase shift must remain small throughout the loop gain of
the circuit. For a G=+1 op amp circuit, the BUF634 must
contribute little additional phase shift (approximately 20° or
less) at the unity-gain frequency of the op amp. Phase shift
is affected by various operating conditions that may affect
stability of the op amp—see typical Gain and Phase curves.

Most general-purpose or precision op amps remain unity-
gain stable with the BUF634 connected inside the feedback
loop as shown. Large capacitive loads may require the
BUF634 to be connected for wide bandwidth for stable
operation. High speed or fast-settling op amps generally
require the wide bandwidth mode to remain stable and to
assure good dynamic performance. To check for stability
with an op amp, look for oscillations or excessive ringing on
signal pulses with the intended load and worst case condi-
tions that affect phase response of the buffer.

POWER DISSIPATION

Power dissipation depends on power supply voltage, signal
and load conditions. With DC signals, power dissipation is
equal to the product of output current times the voltage
across the conducting output transistor, VS – VO. Power
dissipation can be minimized by using the lowest possible
power supply voltage necessary to assure the required output
voltage swing.

For resistive loads, the maximum power dissipation occurs
at a DC output voltage of one-half the power supply voltage.
Dissipation with AC signals is lower. Application Bulletin
AB-039 explains how to calculate or measure power dissi-
pation with unusual signals and loads.

Any tendency to activate the thermal protection circuit
indicates excessive power dissipation or an inadequate heat
sink. For reliable operation, junction temperature should be
limited to 150°C, maximum. To estimate the margin of
safety in a complete design, increase the ambient tempera-
ture until the thermal protection is triggered. The thermal
protection should trigger more than 45°C above the maxi-
mum expected ambient condition of your application.

INPUT CHARACTERISTICS

Internal circuitry is protected with a diode clamp connected
from the input to output of the BUF634—see Figure 1. If the
output is unable to follow the input within approximately 3V
(such as with an output short-circuit), the input will conduct
increased current from the input source. This is limited by
the internal 200Ω resistor. If the input source can be dam-
aged by this increase in load current, an additional resistor
can be connected in series with the input.

BANDWIDTH CONTROL PIN

The –3dB bandwidth of the BUF634 is approximately 30MHz
in the low quiescent current mode (1.5mA typical). To select
this mode, leave the bandwidth control pin open (no connec-
tion).

Bandwidth can be extended to approximately 180MHz by
connecting the bandwidth control pin to V–. This increases

FIGURE 3. Thermal Resistance vs Circuit Board Copper Area.
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HIGH FREQUENCY APPLICATIONS

The BUF634’s excellent bandwidth and fast slew rate make it
useful in a variety of high frequency open-loop applications.
When operated open-loop, circuit board layout and bypassing
technique can affect dynamic performance.

For best results, use a ground plane type circuit board layout
and bypass the power supplies with 0.1µF ceramic chip

capacitors at the device pins in parallel with solid tantalum
10µF capacitors. Source resistance will affect high-frequency
peaking and step response overshoot and ringing. Best
response is usually achieved with a series input resistor of
25Ω to 200Ω, depending on the signal source. Response
with some loads (especially capacitive) can be improved
with a resistor of 10Ω to 150Ω in series with the output.

OP AMP RECOMMENDATIONS

OPA177, OPA1013 Use Low IQ mode. G = 1 stable.
OPA111, OPA2111
OPA121, OPA234(1),
OPA130(1)

OPA27, OPA2107 Low IQ mode is stable. Increasing CL may cause
OPA602, OPA131(1) excessive ringing or instability. Use Wide BW mode.

OPA627, OPA132(1) Use Wide BW mode, C1 = 200pF. G = 1 stable.

OPA637, OPA37 Use Wide BW mode. These op amps are not G = 1
stable. Use in G > 4.

NOTE: (1) Single, dual, and quad versions.

OPA

NOTE: (1) C1 not required
for most common op amps.
Use with unity-gain stable
high speed op amps.

VIN

VO

V+

V–

BUF634

C1
(1)

Wide BW mode
(if required)

BW

FIGURE 5. High Performance Headphone Driver.

FIGURE 8. Bridge-Connected Motor Driver.
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FIGURE 7. Current-Output Valve Driver.
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FIGURE 4. Boosting Op Amp Output Current.
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PACKAGING INFORMATION

Orderable Device Status (1) Package
Type

Package
Drawing

Pins Package
Qty

Eco Plan (2) Lead/Ball Finish MSL Peak Temp (3)

BUF634F OBSOLETE DDPAK/
TO-263

KTT 5 TBD Call TI Call TI

BUF634F/500 ACTIVE DDPAK/
TO-263

KTT 5 500 Pb-Free
(RoHS)

CU SN Level-2-260C-1 YEAR

BUF634F/500E3 ACTIVE DDPAK/
TO-263

KTT 5 500 Pb-Free
(RoHS)

CU SN Level-2-260C-1 YEAR

BUF634FKTTT ACTIVE DDPAK/
TO-263

KTT 5 50 TBD Call TI Call TI

BUF634FKTTTE3 ACTIVE DDPAK/
TO-263

KTT 5 50 TBD Call TI Call TI

BUF634P ACTIVE PDIP P 8 50 Green (RoHS &
no Sb/Br)

CU NIPDAU N / A for Pkg Type

BUF634PG4 ACTIVE PDIP P 8 50 Green (RoHS &
no Sb/Br)

CU NIPDAU N / A for Pkg Type

BUF634T ACTIVE TO-220 KC 5 49 TBD Call TI Call TI

BUF634TG3 ACTIVE TO-220 KC 5 49 TBD Call TI Call TI

BUF634U ACTIVE SOIC D 8 75 Green (RoHS &
no Sb/Br)

CU NIPDAU Level-3-260C-168 HR

BUF634U/2K5 ACTIVE SOIC D 8 2500 Green (RoHS &
no Sb/Br)

CU NIPDAU Level-3-260C-168 HR

BUF634U/2K5E4 ACTIVE SOIC D 8 2500 Green (RoHS &
no Sb/Br)

CU NIPDAU Level-3-260C-168 HR

BUF634UE4 ACTIVE SOIC D 8 75 Green (RoHS &
no Sb/Br)

CU NIPDAU Level-3-260C-168 HR

(1) The marketing status values are defined as follows:
ACTIVE: Product device recommended for new designs.
LIFEBUY: TI has announced that the device will be discontinued, and a lifetime-buy period is in effect.
NRND: Not recommended for new designs. Device is in production to support existing customers, but TI does not recommend using this part in
a new design.
PREVIEW: Device has been announced but is not in production. Samples may or may not be available.
OBSOLETE: TI has discontinued the production of the device.

(2) Eco Plan - The planned eco-friendly classification: Pb-Free (RoHS), Pb-Free (RoHS Exempt), or Green (RoHS & no Sb/Br) - please check
http://www.ti.com/productcontent for the latest availability information and additional product content details.
TBD: The Pb-Free/Green conversion plan has not been defined.
Pb-Free (RoHS): TI's terms "Lead-Free" or "Pb-Free" mean semiconductor products that are compatible with the current RoHS requirements
for all 6 substances, including the requirement that lead not exceed 0.1% by weight in homogeneous materials. Where designed to be soldered
at high temperatures, TI Pb-Free products are suitable for use in specified lead-free processes.
Pb-Free (RoHS Exempt): This component has a RoHS exemption for either 1) lead-based flip-chip solder bumps used between the die and
package, or 2) lead-based die adhesive used between the die and leadframe. The component is otherwise considered Pb-Free (RoHS
compatible) as defined above.
Green (RoHS & no Sb/Br): TI defines "Green" to mean Pb-Free (RoHS compatible), and free of Bromine (Br) and Antimony (Sb) based flame
retardants (Br or Sb do not exceed 0.1% by weight in homogeneous material)

(3) MSL, Peak Temp. -- The Moisture Sensitivity Level rating according to the JEDEC industry standard classifications, and peak solder
temperature.

Important Information and Disclaimer:The information provided on this page represents TI's knowledge and belief as of the date that it is
provided. TI bases its knowledge and belief on information provided by third parties, and makes no representation or warranty as to the
accuracy of such information. Efforts are underway to better integrate information from third parties. TI has taken and continues to take
reasonable steps to provide representative and accurate information but may not have conducted destructive testing or chemical analysis on
incoming materials and chemicals. TI and TI suppliers consider certain information to be proprietary, and thus CAS numbers and other limited
information may not be available for release.
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In no event shall TI's liability arising out of such information exceed the total purchase price of the TI part(s) at issue in this document sold by TI
to Customer on an annual basis.
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www.ti.com 26-Mar-2010
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TAPE AND REEL INFORMATION

*All dimensions are nominal

Device Package
Type

Package
Drawing

Pins SPQ Reel
Diameter

(mm)

Reel
Width

W1 (mm)

A0
(mm)

B0
(mm)

K0
(mm)

P1
(mm)

W
(mm)

Pin1
Quadrant

BUF634U/2K5 SOIC D 8 2500 330.0 12.4 6.4 5.2 2.1 8.0 12.0 Q1

PACKAGE MATERIALS INFORMATION

www.ti.com 14-Jul-2012

Pack Materials-Page 1



*All dimensions are nominal

Device Package Type Package Drawing Pins SPQ Length (mm) Width (mm) Height (mm)

BUF634U/2K5 SOIC D 8 2500 367.0 367.0 35.0
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IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, enhancements, improvements and other
changes to its semiconductor products and services per JESD46, latest issue, and to discontinue any product or service per JESD48, latest
issue. Buyers should obtain the latest relevant information before placing orders and should verify that such information is current and
complete. All semiconductor products (also referred to herein as “components”) are sold subject to TI’s terms and conditions of sale
supplied at the time of order acknowledgment.

TI warrants performance of its components to the specifications applicable at the time of sale, in accordance with the warranty in TI’s terms
and conditions of sale of semiconductor products. Testing and other quality control techniques are used to the extent TI deems necessary
to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not necessarily
performed.

TI assumes no liability for applications assistance or the design of Buyers’ products. Buyers are responsible for their products and
applications using TI components. To minimize the risks associated with Buyers’ products and applications, Buyers should provide
adequate design and operating safeguards.

TI does not warrant or represent that any license, either express or implied, is granted under any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI components or services are used. Information
published by TI regarding third-party products or services does not constitute a license to use such products or services or a warranty or
endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual property of the
third party, or a license from TI under the patents or other intellectual property of TI.

Reproduction of significant portions of TI information in TI data books or data sheets is permissible only if reproduction is without alteration
and is accompanied by all associated warranties, conditions, limitations, and notices. TI is not responsible or liable for such altered
documentation. Information of third parties may be subject to additional restrictions.

Resale of TI components or services with statements different from or beyond the parameters stated by TI for that component or service
voids all express and any implied warranties for the associated TI component or service and is an unfair and deceptive business practice.
TI is not responsible or liable for any such statements.

Buyer acknowledges and agrees that it is solely responsible for compliance with all legal, regulatory and safety-related requirements
concerning its products, and any use of TI components in its applications, notwithstanding any applications-related information or support
that may be provided by TI. Buyer represents and agrees that it has all the necessary expertise to create and implement safeguards which
anticipate dangerous consequences of failures, monitor failures and their consequences, lessen the likelihood of failures that might cause
harm and take appropriate remedial actions. Buyer will fully indemnify TI and its representatives against any damages arising out of the use
of any TI components in safety-critical applications.

In some cases, TI components may be promoted specifically to facilitate safety-related applications. With such components, TI’s goal is to
help enable customers to design and create their own end-product solutions that meet applicable functional safety standards and
requirements. Nonetheless, such components are subject to these terms.

No TI components are authorized for use in FDA Class III (or similar life-critical medical equipment) unless authorized officers of the parties
have executed a special agreement specifically governing such use.

Only those TI components which TI has specifically designated as military grade or “enhanced plastic” are designed and intended for use in
military/aerospace applications or environments. Buyer acknowledges and agrees that any military or aerospace use of TI components
which have not been so designated is solely at the Buyer's risk, and that Buyer is solely responsible for compliance with all legal and
regulatory requirements in connection with such use.

TI has specifically designated certain components which meet ISO/TS16949 requirements, mainly for automotive use. Components which
have not been so designated are neither designed nor intended for automotive use; and TI will not be responsible for any failure of such
components to meet such requirements.
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V V mA mA % mVp-p % % pF kHrs
MEA1D0505SC 5 ±5 ±100 233 4.8 5.4 12 25 82 85 53 3663

SIP

MEA1D0509SC 5 ±9 ±56 228 3.7 4.5 8 20 84 86.5 51 3291
MEA1D0512SC 5 ±12 ±42 228 4 5 6 20 84 87 45 2860
MEA1D0515SC 5 ±15 ±33 225 3.8 4.5 6 20 84 87 46 2374
MEA1D1205SC 12 ±5 ±100 98 3.5 4 9 20 81 85 44 3352
MEA1D1209SC 12 ±9 ±56 95 2.5 3 7 20 83 86.5 61 3083
MEA1D1212SC 12 ±12 ±42 93 2.6 3.5 6 20 85 89 88 2701
MEA1D1215SC 12 ±15 ±33 94 2.2 3 5 20 84 88 78 2264
MEA1D1505SC 15 ±5 ±100 78 3 3.5 8 20 80 84 40
MEA1D1509SC 15 ±9 ±56 76 2.1 2.5 7 20 82 87 65
MEA1D1512SC 15 ±12 ±42 76 2 2.5 5 20 83 87.5 75
MEA1D1515SC 15 ±15 ±33 75 2 2.5 5 20 85 89.5 104
MEA1D2405SC 24 ±5 ±100 49 2.8 3.5 9 20 81 84.5 47
MEA1D2409SC 24 ±9 ±56 47 1.8 2.5 7 20 84 87.5 80
MEA1D2412SC 24 ±12 ±42 47 1.6 2.5 4 20 84 87 85
MEA1D2415SC 24 ±15 ±33 47 1.5 2.5 3 20 85 88.5 106
MEA1D4805SC 48 ±5 ±100 26 2.6 4 14 25 77 80 44
MEA1D4809SC 48 ±9 ±56 25 1.6 3 8 20 79 82 72
MEA1D4812SC 48 ±12 ±42 25 1.6 3 7 20 78 83 91
MEA1D4815SC 48 ±15 ±33 25 1.3 2.5 6 20 80 83.5 109

MEA1D0505DC 5 ±5 ±100 232 5 6.2 12 25 82 85 52

DIP

MEA1D0509DC 5 ±9 ±56 227 3.9 5 9 20 84 86.7 49
MEA1D0512DC 5 ±12 ±42 226 4.2 5.3 7 20 84 87 47
MEA1D0515DC 5 ±15 ±33 224 4.1 5.3 6 20 84 87.5 46
MEA1D1205DC 12 ±5 ±100 97 3.6 4.5 9 20 81 84.5 43
MEA1D1209DC 12 ±9 ±56 95 2.6 3.5 7 20 83 86.5 64
MEA1D1212DC 12 ±12 ±42 93 2.7 3.5 6 20 85 89 89
MEA1D1215DC 12 ±15 ±33 94 2.3 3 6 20 84 88 76
MEA1D1505DC 15 ±5 ±100 78 3.1 4 9 20 80 84 42
MEA1D1509DC 15 ±9 ±56 76 2.2 3 6 20 82 87 50
MEA1D1512DC 15 ±12 ±42 76 2 2.7 6 20 83 87.5 77
MEA1D1515DC 15 ±15 ±33 75 2 2.7 6 20 85 89.5 106
MEA1D2405DC 24 ±5 ±100 49 2.8 4 10 20 81 84.5 47
MEA1D2409DC 24 ±9 ±56 48 2 3.8 8 20 84 87 77
MEA1D2412DC 24 ±12 ±42 47 1.6 2.5 6 20 84 87 83
MEA1D2415DC 24 ±15 ±33 47 1.5 2.3 6 20 85 88 100

1. See Ripple & Noise characterisation method.
2. Calculated using MIL-HDBK-217F FN2 with nominal input voltage at full load.

All specifi cations typical at TA=25°C, nominal input voltage and rated output current unless otherwise specifi ed.

FEATURES

UL 60950 recognized

RoHS compliant

Typical effi ciency to 89.5%

Power density to 0.85W/cm3

Wide temperature performance at full  
 1 Watt load, –40°C to 85°C

UL 94V-0 package material

No heatsink required

Industry standard pinout

Power sharing on output

5V,12V, 15V, 24V, & 48V input

5V, 9V, 12V, & 15V output

Fully encapsulated with toroidal   
  magnetics

No external components required

No electrolytic or tantalum capacitors

PRODUCT OVERVIEW

The MEA series is the new high performance 
version of our 1W NMA series. The MEA series 
is more effi cient and offers improved regulation 
performance ≤5% for applications where a wide 
output voltage variation can not be tolerated. They 
are ideally suited for providing dual rail supplies 
with the added benefi t of galvanic isolation to 
reduce switching noise. All of the rated power 
may be drawn from a single output providing the 
total load does not exceed 1 watt.
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INPUT CHARACTERISTICS

Parameter Conditions Min. Typ. Max. Units

Voltage range

Continuous operation, 5V input types 4.5 5 5.5

V
Continuous operation, 12V input types 10.8 12 13.2
Continuous operation, 15V input types 13.5 15 16.5
Continuous operation, 24V input types 21.6 24 26.4
Continuous operation, 48V input types 43.2 48 52.8

Reflected ripple current

5V input types 4 12

mA p-p
12V input types 4 12
15V input types 3 10
24V input types 3 10
48V input types 22 35

OUTPUT CHARACTERISTICS

Parameter Conditions Min. Typ. Max. Units
Rated Power TA=-40°C to 85°C 1 W
Voltage Set Point Accuracy See tolerance envelope
Line regulation High VIN to low VIN 1.05 1.1 %/%

ISOLATION CHARACTERISTICS

Parameter Conditions Min. Typ. Max. Units
Isolation test voltage Flash tested for 1 second 1000 VDC
Resistance Viso= 1000VDC 10 GΩ

GENERAL CHARACTERISTICS

Parameter Conditions Min. Typ. Max. Units

Switching frequency

MEA1D05xxxC, MEA1D1212xC, MEA1D1515xC 65

kHz
MEA1D1205xC, MEA1D1209xC, MEA1D1215xC, MEA1D1505xC, 
MEA1D1509xC, MEA1D1512xC, MEA1D24xxxC

85

MEA1D48xxxC 60

TEMPERATURE CHARACTERISTICS

Parameter Conditions Min. Typ. Max. Units
Specification All output types -40 85

°CStorage -50 125
Case Temperature above ambient 20
Cooling Free air convection

ABSOLUTE MAXIMUM RATINGS

Lead temperature 1mm from case for 10 seconds 260°C

Input voltage VIN, 5Vin types 7V
Input voltage VIN, 12Vin types 15V
Input voltage VIN, 15Vin types 18V
Input voltage VIN, 24Vin types 28V
Input voltage VIN, 48Vin types 54V
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TEMPERATURE DERATING GRAPH TOLERANCE ENVELOPE

The voltage tolerance envelope shows typical load regulation characteristics for this 
product series. The tolerance envelope is the maximum output voltage variation due 
to changes in output loading.

Output Load Current (%)

egatloV tuptuO

VNOM

5%

0%

-4%

2%Typical Load Line

100755025 10

TECHNICAL NOTES

ISOLATION VOLTAGE

‘Hi Pot Test’, ‘Flash Tested’, ‘Withstand Voltage’, ‘Proof Voltage’, ‘Dielectric Withstand Voltage’ & ‘Isolation Test Voltage’ are all terms that relate to the same thing, a test voltage, 
applied for a specified time, across a component designed to provide electrical isolation, to verify the integrity of that isolation.
Murata Power Solutions MEA1 series of DC/DC converters are all 100% production tested at their stated isolation voltage. This is 1kVDC for 1 second.
A question commonly asked is, “What is the continuous voltage that can be applied across the part in normal operation?”
The MEA1 has been recognized by Underwriters Laboratory for functional insulation, both input and output should normally be maintained within SELV limits i.e. less than 42.4V 
peak, or 60VDC. The isolation test voltage represents a measure of immunity to transient voltages and the part should never be used as an element of a safety isolation system. 
The part could be expected to function correctly with several hundred volts offset applied continuously across the isolation barrier; but then the circuitry on both sides of the barrier 
must be regarded as operating at an unsafe voltage and further isolation/insulation systems must form a barrier between these circuits and any user-accessible circuitry according 
to safety standard requirements. 
REPEATED HIGH-VOLTAGE ISOLATION TESTING

It is well known that repeated high-voltage isolation testing of a barrier component can actually degrade isolation capability, to a lesser or greater degree depending on materials, 
construction and environment. The MEA1 series has toroidal isolation transformers, with no additional insulation between primary and secondary windings of enameled wire.  While   
parts can be expected to withstand several times the stated test voltage, the isolation capability does depend on the wire insulation. Any material, including this enamel (typically 
polyurethane) is susceptible to eventual chemical degradation when subject to very high applied voltages thus implying that the number of tests should be strictly limited. We 
therefore strongly advise against repeated high voltage isolation testing, but if it is absolutely required, that the voltage be reduced by 20% from specified test voltage.
This consideration equally applies to agency recognized parts rated for better than functional isolation where the wire enamel insulation is always supplemented by a further 
insulation system of physical spacing or barriers.

SAFETY APPROVAL

The MEA1 series has been recognized by Underwriters Laboratory (UL) to UL 60950 for functional insulation in a maximum ambient temperature of 85°C and/or case temperature 
limit of 130°C (case temperature measured on the face opposite the pins). File number E179522 applies.

The MEA1 Series of converters are not internally fused so to meet the requirements of UL 60950 an anti-surge input line fuse should always be used with ratings as defined below. 
MEA1D05xxxC: 1A
MEA1D12xxxC: 0.375A  
MEA1D15xxxC: 0.375A
MEA1D24xxxC: 0.2A 
MEA1D48xxSC: 0.1A 

All fuses should be UL approved and rated to at least the maximum allowable DC input voltage.
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APPLICATION NOTES

Minimum load

The minimum load to meet datasheet specification is 10% of the full rated load across the specified input voltage range. Lower than 10% minimum loading will result in 
an increase in output voltage, which may rise to typically double the specified output voltage if the output load falls to less than 5%.

Capacitive loading and start up

Typical start up times for this series, with a typical input voltage rise time of 2.2μs and output capacitance of 10μF, are shown in the table below. The product 
series will start into a capacitance of 47μF with an increased start time, however, the maximum recommended output capacitance is 10μF.

Ripple & Noise Characterisation Method

Ripple and noise measurements are performed with the following test configuration.

C1 1μF X7R m ultilayer ceramic capacitor, voltage rating to be a minimum of 3 times the output voltage of the DC/DC converter

C2 10μF tantalum capacitor, voltage rating to be a minimum of 1.5 times the output voltage of the DC/DC converter with an ESR of less 
than 100mΩ at 100 kHz

C3 100nF multilayer ceramic capacitor, general purpose
R1 450Ω resistor, carbon film, ±1% tolerance
R2 50Ω BNC termination
T1 3T of the coax cable through a ferrite toroid
RLOAD Resistive load to the maximum power rating of the DC/DC converter. Connections should be made via twisted wires
Measured values are multiplied by 10 to obtain the specified values.

Differential Mode Noise Test Schematic

OSCILLOSCOPE  
 
 
Y INPUT  

SUPPLY  

  C1   C2   C3        R1                  T1                 R2
 

Input        Output  

DC/DC Converter 
 

R LOAD  

+        +
 

 
                

         
-

 
-
 

Typical Start-Up Wave FormStart-up time Start-up time
μs μs

MEA1D0505xC 939 MEA1D1512xC 5630
MEA1D0509xC 2872 MEA1D1515xC 8585
MEA1D0512xC 5325 MEA1D2405xC 472
MEA1D0515xC 8895 MEA1D2409xC 1473
MEA1D1205xC 1150 MEA1D2412xC 2643
MEA1D1209xC 3716 MEA1D2415xC 4348
MEA1D1212xC 6912 MEA1D4805xC 586
MEA1D1215xC 10810 MEA1D4809xC 1705
MEA1D1505xC 883 MEA1D4812xC 2995
MEA1D1509xC 3160 MEA1D4815xC 4722
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APPLICATION NOTES (continued)

Output Ripple Reduction

By using the values of inductance and capacitance stated, the output ripple at the rated load is lowered to 5mV p-p max.

Component selection

Capacitor: It is required that the ESR (Equivalent Series Resistance) should be as low as possible, ceramic types are recommended.  
The voltage rating should be at least twice (except for 15V output), the rated output voltage of the DC/DC converter.
Inductor: The rated current of the inductor should not be less than that of the output of the DC/DC converter. At the rated current, the DC resistance of the inductor 
should be such that the voltage drop across the inductor is <2% of the rated voltage of the DC/DC converter. The SRF (Self Resonant Frequency) should be 
>20MHz.

DC

DC

L

C LoadPower
Source

Inductor Capacitor
L, μH SMD Through Hole C, μF

MEA1D0505xC 10 82103C 11R103C 4.7
MEA1D0509xC 22 82223C 11R223C 2.2
MEA1D0512xC 47 82473C 11R473C 1
MEA1D0515xC 47 82473C 11R473C 1
MEA1D1205xC 10 82103C 11R103C 4.7
MEA1D1209xC 22 82223C 11R223C 2.2
MEA1D1212xC 47 82473C 11R473C 1
MEA1D1215xC 47 82473C 11R473C 1
MEA1D1505xC 10 82103C 11R103C 4.7
MEA1D1509xC 22 82223C 11R223C 2.2
MEA1D1512xC 47 82473C 11R473C 1
MEA1D1515xC 47 82473C 11R473C 1
MEA1D2405xC 10 82103C 11R103C 4.7
MEA1D2409xC 22 82223C 11R223C 2.2
MEA1D2412xC 47 82473C 11R473C 1
MEA1D2415xC 47 82473C 11R473C 1
MEA1D4805xC 10 82103C 11R103C 4.7
MEA1D4809xC 22 82223C 11R223C 2.2
MEA1D4812xC 47 82473C 11R473C 1
MEA1D4815xC 47 82473C 11R473C 1

RoHS COMPLIANT INFORMATION

This series is compatible with RoHS soldering systems with a peak wave solder temperature of 
260°C for 10 seconds. The pin termination finish on the SIP package type is Tin Plate, Hot Dipped 
over Matte Tin with Nickel Preplate. The DIP types are Matte Tin over Nickel Preplate. Both types in 
this series are backward compatible with Sn/Pb soldering systems.
For further information, please visit www.murata-ps.com/rohs
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EFFICIENCY VS LOAD

MEA 5V Input Voltage MEA 12V Input Voltage

MEA 15V Input Voltage MEA 24V Input Voltage

MEA 48V Input Voltage
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PACKAGE SPECIFICATIONS

MECHANICAL DIMENSIONS PIN CONNECTIONS - 14 PIN DIP

 

Pin Function
1 -VIN

7 NC

8 OV

9 +VOUT

11 -VOUT

14 +VIN

PIN CONNECTIONS - 7 PIN SIP

Pin Function
1 +VIN

2 -VIN

4 -VOUT

5 OV

6 +VOUT

0.394
(10.00)
Max.

0.276
(7.0)
Max.

0.022 (0.55) 
0.018 (0.45)

0.092 (2.33)
0.076 (1.93)

0.181 (4.60)
0.142 (3.60)

0.776 (19.70) Max.

MEA1D0505DC
XYYWW

0.6 (15.24)

0.3 (7.62) 0.0118 (0.30) 
0.0079 (0.20)

0.043 
(1.09)

0.1 (2.54)

1 7

14 11 9 8

DIP package SIP package

0.774
(19.65)

0.242
(6.15)
Max.

0.4 
(10.15)

0.181 (4.60)
0.141 (3.60)

0.0118 (0.30) 
0.0079 (0.20)

0.5 (12.70)0.057 (1.45)
0.039 (1.00)

0.0607 (1.5438)
0.099 (2.5162)

0.0016
(0.40) 
Min.

0.1 (2.54)

0.022 (0.55) 
0.0178 (0.45)

1 2 4 5 6

†

MEA1D0505SC
XYYWW

All dimensions in inches ±0.01 (mm ±0.25mm). All pins on a 0.1 (2.54) pitch and within ±0.01 (0.25) of true position.
† 48V input variants 0.301 (7.65)

Weight: 2.5g (DIP) 2.3g (SIP)
48V input: 2.8g 
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Murata Power Solutions, Inc. makes no representation that the use of its products in the circuits described herein, or the use of other 
technical information contained herein, will not infringe upon existing or future patent rights. The descriptions contained herein do not imply 
the granting of licenses to make, use, or sell equipment constructed in accordance therewith. Specifications are subject to change without 
notice.          © 2012 Murata Power Solutions, Inc.

Murata Power Solutions, Inc.  
11 Cabot Boulevard, Mansfield, MA 02048-1151 U.S.A.
ISO 9001 and 14001 REGISTERED

This product is subject to the following operating requirements 

and the Life and Safety Critical Application Sales Policy:  

Refer to: http://www.murata-ps.com/requirements/

PACKAGE SPECIFICATIONS (continued)

RECOMMENDED FOOTPRINT DETAILS

 

TUBE OUTLINE DIMENSIONS

Unless otherwise stated all dimensions in inches (mm) ±0.5mm.
Tube length (14 Pin DIP) : 20.47 (520mm ±2mm).
Tube length (7 Pin SIP) : 20.47 (520mm ±2mm).

14 Pin DIP Tube 7 Pin SIP Tube

14 Pin DIP Package 7 Pin SIP Package

 0.1 (2.54) 

0.045 (1.15) 
0.039 (1.00) Ø 

 0.1 (2.54) 

0.045 (1.15) 
0.039 (1.00) Ø 

 0.1 (2.54) 

 0.1 (2.54) 

 

5 HOLES 

0.00394 (0.1) 
 

 

5 HOLES 

0.00394 (0.1
 

Unless otherwise stated all dimensions in inches (mm) ±0.5mm.
Tube length : 20.47 (520mm ±2mm).

Tube Quantity : 25

Unless otherwise stated all dimensions in inches (mm) ±0.5mm.
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Red NC EMERGENCY STOP LBX10510
Red NC + NO EMERGENCY STOP LBX130006
Red 2 NC EMERGENCY STOP LBX130005
Red NO EMERGENCY STOP LBX130007

With STOP STOP STOP Text on button head
Red NC EMERGENCY STOP LBX10510S
Red NC + NO EMERGENCY STOP LBX130010
Red 2 NC EMERGENCY STOP LBX130009

For contact blocks attached to operator please contact us.

Control Stations ø 22

CONTROL STATIONS - NON-ILLUMINATED

47.9 25.7

M16/20

M16/20

Ø
 4

0

MUSHROOM HEAD Ø 40  - MAINTAINED

LBX10510

Push-turn to reset Part Number

Technical Info (p. 103)

21

21
43

21 21
43

21

21
43

21 21

LBX130009

Red NC EMERGENCY STOP LBX101910
Red NC + NO EMERGENCY STOP LBX130004
Red 2 NC EMERGENCY STOP LBX130003

With STOP STOP STOP Text on button head
Red NC EMERGENCY STOP LBX101910S
Red NC + NO EMERGENCY STOP LBX130074
Red 2 NC EMERGENCY STOP LBX130075

For contact blocks attached to operator please contact us.

Ø
 4

0

47.9 34.2

M16/20

M16/20

MUSHROOM HEAD Ø 40  - MAINTAINED

LBX101910

Push-pull to reset
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43

21 21
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43

21 21

LBX101910S
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Gear

Planetary Gearhead GP 32 A Ø32 mm, 0.75 - 4.5 Nm, Metal Version
Article number 166158

Precision spur- and planetary gearheads matched to maxon motors. Gears are
advantageouslyadapted directly to the desired motors in the delivery plant. The motor pinion is
the input gearweel forthe first stage and is rigidly affixed to the motor shaft.

Gearhead Data
Reduction 14.0
Number of autoclave cycles 0.0
Reduction absolute 676/49
Max. motor shaft diameter 6.0 mm
Number of stages 2.0
Intermittently permissible torque at gear
output

3.4 Nm

Max. efficiency 75.0 %
Average backlash no load 0.8 °
Mass inertia 0.8 g/cm²
Weight 162.0 g
Gearhead length (L1) 36.3 mm
Gear variant A
Radial play 0.14 mm
Max. axial play 0.4 mm
Max. radial load 140.0 N
Recommended input speed 6000.0 1/min
Measurement from flange 5.0 mm
Max. permissible force for press fits 120.0 N
Min. recommended temperature range -20.0 °C
Max. recommended temperature range 100.0 °C
Min. optional temperature range -35.0 °C
Sense of rotation drive to output =
Max. axial load (dynamic) 120.0 N
Nominal torque 2.25 Nm
Gear Art GP
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Measurement from flange 12.0 mm
Max. continuous transferable output 100.0
Max. short-time transferable output 150.0
Extended temperature range 100.0
Max. short-time input speed 6000.0
Outer diameter 32.0 mm

Product
Program GP 32 A
Weight 160.0 g
Motor

RE 25 Ø25 mm, Graphite Brushes, 20 Watt
Article number 118756

maxon DC motors are high-quality motors fitted with powerful permanent magnets. The
“heart”of the motor is the worldwide patented ironless rotor. For you, this means cutting-edge
technologyin compact, powerful and low inertia drives.

Motor
Motor length 54.5 mm
Type power 20.0 W
Outer diameter 25.0 mm
Bearer Type Wälzlager
Number of autoclave cycles 0.0
Commutation GB
Type RE

Values at nominal voltage
Nominal Voltage 48.0 V
No load speed 8240.0 1/min
No load current 15.2 mA
Nominal speed 7040.0 1/min
Nominal torque (max. continuous torque) 28.7 mNm
Nominal current (max. continuous current) 0.536 A
Stall torque 209.0 mNm
Starting current 3.81 A
Max. efficiency 86.4 %
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Characteristics
Terminal inductance 1.31 mH
Terminal resistance 12.6 Ω
Torque constant 55.0 mNm/A
Speed / torque gradient 39.8 rpm/mNm
Mechanical time constant 4.37 ms
Rotor inertia 10.5 g/cm²
Speed constant 174.0 rpm/V

Thermal data
Thermal resistance winding-housing 3.1 K/W
Thermal resistance housing-ambient 14.0 K/W
Thermal time constant winding 12.1 s
Thermal time constant motor 612.0 s
Ambient tmperature -30.0 °C
Ambient tmperature 100.0 °C
Max. permissible winding temperature 125.0 °C

Mechanical data
Max. permissible speed 14000.0 1/min
Axial play 0.15 mm
Axiel play 0.05 mm
Radial play 0.025 mm
Max. axial load (dynamic) 3.2 N
Max. force for press fits (static) 64.0 N
(static, shaft supported) 800.0 N
Max radial loading, {0} mm from flange 16.0 N

Other specifications
Number of pole pairs 1.0
Number of commutator segments 11.0

Product
Program RE 25 GB
Weight 130.0 g
Sensor

DC-Tacho DCT 22, 0.52 Volt
Article number 118909
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High precision encoders, DC tachometers and resolvers with a high signal resolution are
mountedexclusively on motors with through shafts for resonance reasons. The assembly
requires adjustmentto the motors and may only be done in the delivery plant.

Sensor Data
Shaft diameter 3.0 mm
Output voltage per 1000 Rpm 0.52
Typ DCT
Min. Operating temp -20.0
Max. Operating temp 65.0
Max. Moment of interia of code wheel 3.0
(outer) diameter 22.0
typical peak to peak ripple 6.0
riple frequqncy per turn 14.0
Linearity between 500 and 5000 rpm
unloaded

0.2

linearity with 10 kOhm load resistance 0.7
reversal error 0.1
Temperatur coefficient of coil resistance 0.4
tolerance of output voltage 15.0
Anschlusswiderstand Tacho 37.7 Ω
Output voltage per 1000 Rpm 0.52 V
Number of autoclave cycles 0.0

Product
Program DCT 22
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Gear

Planetary Gearhead GP 32 A Ø32 mm, 0.75 - 4.5 Nm, Metal Version
Article number 166158

Precision spur- and planetary gearheads matched to maxon motors. Gears are
advantageouslyadapted directly to the desired motors in the delivery plant. The motor pinion is
the input gearweel forthe first stage and is rigidly affixed to the motor shaft.

Gearhead Data
Reduction 14.0
Number of autoclave cycles 0.0
Reduction absolute 676/49
Max. motor shaft diameter 6.0 mm
Number of stages 2.0
Intermittently permissible torque at gear
output

3.4 Nm

Max. efficiency 75.0 %
Average backlash no load 0.8 °
Mass inertia 0.8 g/cm²
Weight 162.0 g
Gearhead length (L1) 36.3 mm
Gear variant A
Radial play 0.14 mm
Max. axial play 0.4 mm
Max. radial load 140.0 N
Recommended input speed 6000.0 1/min
Measurement from flange 5.0 mm
Max. permissible force for press fits 120.0 N
Min. recommended temperature range -20.0 °C
Max. recommended temperature range 100.0 °C
Min. optional temperature range -35.0 °C
Sense of rotation drive to output =
Max. axial load (dynamic) 120.0 N
Nominal torque 2.25 Nm
Gear Art GP
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Measurement from flange 12.0 mm
Max. continuous transferable output 100.0
Max. short-time transferable output 150.0
Extended temperature range 100.0
Max. short-time input speed 6000.0
Outer diameter 32.0 mm

Product
Program GP 32 A
Weight 160.0 g
Motor

RE 25 Ø25 mm, Graphite Brushes, 20 Watt
Article number 339156

maxon DC motors are high-quality motors fitted with powerful permanent magnets. The
“heart”of the motor is the worldwide patented ironless rotor. For you, this means cutting-edge
technologyin compact, powerful and low inertia drives.

Motor
Motor length 43.0 mm
Type power 20.0 W
Outer diameter 25.0 mm
Bearer Type Wälzlager
Number of autoclave cycles 0.0
Commutation GB
Type RE

Values at nominal voltage
Nominal Voltage 48.0 V
No load speed 8450.0 1/min
No load current 13.7 mA
Nominal speed 7270.0 1/min
Nominal torque (max. continuous torque) 32.3 mNm
Nominal current (max. continuous current) 0.614 A
Stall torque 243.0 mNm
Starting current 4.51 A
Max. efficiency 88.5 %

maxon motor ag
Brünigstrasse 220
Postfach 263
6072 Sachseln
phone +41 (41) 666 15 00
fax +41 (41) 666 16 50
info@maxonmotor.com
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Characteristics
Terminal inductance 1.25 mH
Terminal resistance 10.6 Ω
Torque constant 53.8 mNm/A
Speed / torque gradient 35.1 rpm/mNm
Mechanical time constant 5.12 ms
Rotor inertia 13.9 g/cm²
Speed constant 177.0 rpm/V

Thermal data
Thermal resistance winding-housing 5.1 K/W
Thermal resistance housing-ambient 14.4 K/W
Thermal time constant winding 28.1 s
Thermal time constant motor 543.0 s
Ambient tmperature -30.0 °C
Ambient tmperature 100.0 °C
Max. permissible winding temperature 155.0 °C

Mechanical data
Max. permissible speed 14000.0 1/min
Axial play 0.15 mm
Axiel play 0.05 mm
Radial play 0.025 mm
Max. axial load (dynamic) 20.0 N
Max. force for press fits (static) 60.0 N
(static, shaft supported) 1000.0 N
Max radial loading, {0} mm from flange 35.0 N

Other specifications
Number of pole pairs 1.0
Number of commutator segments 11.0

Product
Program RE 25 GB
Weight 115.0 g
Sensor

DC-Tacho DCT 22, 0.52 Volt
Article number 118909

maxon motor ag
Brünigstrasse 220
Postfach 263
6072 Sachseln
phone +41 (41) 666 15 00
fax +41 (41) 666 16 50
info@maxonmotor.com
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High precision encoders, DC tachometers and resolvers with a high signal resolution are
mountedexclusively on motors with through shafts for resonance reasons. The assembly
requires adjustmentto the motors and may only be done in the delivery plant.

Sensor Data
Shaft diameter 3.0 mm
Output voltage per 1000 Rpm 0.52
Typ DCT
Min. Operating temp -20.0
Max. Operating temp 65.0
Max. Moment of interia of code wheel 3.0
(outer) diameter 22.0
typical peak to peak ripple 6.0
riple frequqncy per turn 14.0
Linearity between 500 and 5000 rpm
unloaded

0.2

linearity with 10 kOhm load resistance 0.7
reversal error 0.1
Temperatur coefficient of coil resistance 0.4
tolerance of output voltage 15.0
Anschlusswiderstand Tacho 37.7 Ω
Output voltage per 1000 Rpm 0.52 V
Number of autoclave cycles 0.0

Product
Program DCT 22
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Features

- Linear Position Sensor

- IP65 Dust Proof, Water Proof (Intense Spray)

- Polyester Substrate

- 3M Pressure Sensitive Adhesive (PSA)

- Upon Request

   - Male or Female Nicomatic or Berg

     Connectors

   - Wiper of 1-3 Newton Force to Actuate

     Part

   - Higher Temperature and/or Contactless

     Options Available
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Mechanical Specifications Electrical Specifications

-Life Cycle: >1 million

-Height:   0.51mm (0.020")

-Actuation Force (with a 10mm wide active cavity):

                     -40°C 0.8 to 1.8 N

                     -25°C 0.8 to 1.8 N 

                    +23°C 0.6 to 1.5 N 

                    +50°C 0.6 to 1.5 N 

-Resistance - Standard: 10k Ohms  

   (lengths >300mm = 20k Ohms)

-Resistance - Custom: 1k to 100k Ohms

-Resistance Tolerance: ±20%

-Effective Electrical Travel: 8 to 2000mm

-Linearity (Independent): Linear ±1% & 3%

                                        Rotary ±3% & 5%

-Repeatability: No hysteresis, but with any wiper

    looseness some hysteresis will occur

-Power Rating (depending on size, varies with

    length and temperature): 1 Watt max. @ 25°C,

      0.5 Watt recommended

-Resolution: Analog output theoretically infinite;

    affected by variation of contact wiper surface

    area.

-Dielectric Value: No affect @ 500VAC for 1

   minute

Dimensional Diagram - Stock Linear SoftPot

ACTIVE LENGTH [A]

6.60 [0.260]

PART LENGTH [P]

7.93 [0.312]

20.32 [0.800]

7.11 [0.280]

ACTIVE WIDTH

10.16 [0.400]

TAIL WIDTH

TAIL LENGTH [T]

PIN 1

Environmental Specifications

-Operating Temperature: -40°C to +50°C

-Humidity: No affect @ 95% RH, 4hrs 50°C

-IP Rating of Active Area: IP65

A
50.00mm

1.969"

100.00mm

3.937"

150.00mm

5.906"

200.00mm

 7.874"

300.00mm

11.811"

400.00mm

15.748"

500.00mm

19.685"

P
65.86mm 

2.593"

25.00mm

0.984"

40.86mm 

1.609"

12.50mm

0.492"

28.36mm 

1.117"

115.86mm 

4.562"

165.86mm 

6.531"

215.86mm 

8.499"

170.00mm

 6.693"

185.86mm 

7.318"

315.86mm 

12.436"

415.86mm 

16.373"

515.86mm 

20.310"

750.00mm

29.528"

1000.00mm

39.370"

765.86mm

30.153"

1015.86mm

39.995"

T
24.89mm 

0.980"

12.70mm 

0.500"

How to Order - Linear SoftPots

Standard Connector Options

103

Resistance

 Active Lengths < 300mm

103 = 10 KOhm

Active Lengths > 300mm

203 = 20 KOhm

L

Model

L = Linear

SP

Series

SP = SoftPot

Active Length

0050

Connectors

ST = Solder Tab

MP = Male Pins

RH = Receptacles w/Plain Housing

RL = Receptacles w/Latch Housing

RD = Receptacles w/Detent Housing

B = FCI/Berg Clincher

Crimpflex Solder Tab (ST)

Crimpflex Female Receptacles with a

    Plain Housing (RH)

Crimpflex Female Receptacles with a

    Latch Housing (RL)

Crimpflex Female Receptacles

    with a Detent Housing (RD)

FCI/Berg Clincher (B)

Crimpflex Short Male Pins (MP)
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Electrical Schematic Material Cross-Section

10K or 20K (RIGHT BUS BAR)

PIN 3 (GND)

PIN 2

PIN 1 (V+)

(LEFT BUS BAR)

(COLLECTOR)
0.05 [0.002] 3M 200MP ADHESIVE

0.46 [0.018] TOTAL THICKNESS

0.41 [0.016] CIRCUIT

ST3%

Ind. Linearity

1% = ±1%

3% = ±3%

0012 = 12,5mm

0025 = 25mm

0050 = 50mm

0100 = 100mm

0150 = 150mm

0170 = 170mm

0200 = 200mm

0300 = 300mm

0400 = 400mm

0500 = 500mm

0750 = 750mm

1000 = 1000mm
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Customization

How It Works

Top Circuit (Collector)

Circuit Spacer

Bottom Circuit (Resistor)

Bottom Adhesive

In simple terms, the SoftPot membrane potentiometer is a resistive element, which comprises a conductive 

resistor, a sealed encasement and a simple wiper assembly.  A membrane potentiometer can also function as a 

voltage divider.

The SoftPot is a three-wire system with two resistive output channels and an electrical collector channel.

By pressing a wiper down onto the top circuit the SoftPot produces the desired electrical output.  The "wiper" is a 

non-conductive mechanism that depresses the top circuit actuating the potentiometer from the outside of the 

element.  The top and bottom circuits are separated by 0.15mm (0.006") of spacer adhesive build-up and contact 

between the circuit occurs by pressure (usually 1-3 Newtons) from the wiper on the top circuit, pushing down until 

the top circuit connects with the bottom circuit to create a potentiometric output. 

The construction of the wiper design can adapt to any application because most materials can serve as the wiper: 

plastics, metals, sliders, rollers, wheels, etc.  Also, the SoftPot can also be manually (hand) actuated.

Customize the size, shape, and even the number of tracks.  Such custom requests, for example, can be: multiple 

ganged sensors (up to 40 tracks); serpentine active area track; custom lengths 10mm-2000mm; custom rotary 

diameters, etc.  Feel free to contact Spectra Symbol with your custom request at sales@spectrasymbol.com or 

(888)795-2283..
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Wiper

Stock Wiper

Typical wiper materials are delrin, plastic injection molded products, metal rollers with back-loaded springs, 

sliders attached to lead-screws, etc.  With small quantities, an off-the-shelf solution might be easier, while with 

higher quantities or space limitations a custom wiper may be required.

The stock 1-3 Newton wiper is an excellent product for most applications.  In case of unique applications, 

extreme environment or cycle needs, it is recommended to seek the advice of the Spectra Symbol Design 

Department. The selection of the correct wiper (material, form) can affect the life cycle and electrical output of 

the SoftPot.

Dimensional Diagram

Ø2.70 [Ø0.106]

14.00 [0.551]

6.00 [0.236]

16.00 [0.629]

1.00 [0.039]

How to Order - Stock Wiper

03

Max. Force

M1

Thread Pitch

M1 = M1.0

WP

Series

WP = Wiper 01 = 1 Newton 03 = 3 Newtons

01 014

014 = 14mm

Min. Force
Threaded Body

Length

DI

DI = Delrin

Tip Material

Mechanical Specifications

-Minimum Force: 1 Newton

-Maximum Force: 3 Newtons

-Tip Material: Delrin

-Thread Pitch: M1.0 (1mm)
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Diagram - Stock Rotary SoftPot

How to Order - Rotary SoftPot

0353

Active Angle

R

Model

R = Rotary

SP

Series

SP = SoftPot 0046 = 45.57mm 0353 = 353°

0046 103

Resistance

103 = 10 KOhm

Connectors

ST = Soldertab

MP = Male Pins

RH = Receptacles w/Plain Housing

RL = Receptacles w/Latch Housing

RD = Receptacles w/Detent Housing

B = FCI/Berg Clincher

Center of

Active Track

Ø45.57 [Ø1.794]

(CENTER OF TRACK)

Ø65.74 [Ø2.588]

OUTSIDE PERIMETER

PIN 1

10.16 [0.400]

111.88 [4.405]

5.08 [0.200]

Ø25.40 [Ø1.000]

THRU HOLE

5.08 [0.200]

10.01 [0.394]

ACTIVE WIDTH

353°

ACTIVE

ANGLE

Electrical Schematic Material Cross-Section

10K (RIGHT BUS BAR)

PIN 3 (GND)

PIN 2

PIN 1 (V+)

(LEFT BUS BAR)

(COLLECTOR)
0.05 [0.002] 3M 200MP ADHESIVE

0.46 [0.018] TOTAL THICKNESS

0.41 [0.016] CIRCUIT

ST5%

Ind. Linearity

3% = ±3%

5% = ±5%
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Metal Case Power Supplies
TXH Series, 120 –480 Watt

Features
◆ Compact U-bracket and enclosed power  
 supplies

◆ Screw terminal block

◆	 Very	high	efficiency	up	to	93	%	

◆ No internal fan for 120 W & 240 W  
 models.

◆	 Universal	input	90	–	264	VAC	

◆	Adjustable	output	voltage

◆ EMI/EMC	compliance	with	EN	61000-6-3  
	 and	EN	61000-6-1

◆	 Compliance	to	EN	61000-3-2	(PFC)

◆ Short circuit and overvoltage protection

◆	 3-year	product	warranty

UL 60950-1

C B
Scheme

Order code
Output power 

max.
Output voltage 

nom.
Output current 

max.
Efficiency 

typ.	at	230	VAC
TXH 120-112  12 VDC  10 A 90 %
TXH 120-124 120 Watt  24 VDC  5.0 A 91 %
TXH 120-148  48 VDC  2.5 A 92 %
TXH 240-112  12 VDC  20 A 90 %
TXH 240-124 240 Watt  24 VDC  10 A 92 %
TXH 240-148  48 VDC  5.0 A 93 %
TXH	360-112  12 VDC  30 A 89 %
TXH	360-124 360	Watt  24 VDC  15 A 91 %
TXH	360-148  48 VDC  7.5 A 93 %
TXH 480-112  12 VDC  40 A 88 %
TXH 480-124

480 Watt  24 VDC  20 A 90 %
TXH	480-136  36 VDC  13.33 A 92 %
TXH 480-148  48 VDC  10 A 91 %

Models with Single Output

The TRACOPOWER TXH series is a family of power supplies in metal enclosure, 
designed for a wide range of cost critical applications. The very high efficiency of 
up to 93% admits of a compact design with free air convection coouling for the 120 
and 240 Watt models. The units are equiped with screw terminal blocks and are  
easy to install in any equipment.
These power supplies have universal input and comply with European EMC stan-
dards and the Low Voltage Directive (LVD).
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Metal Case Power Supplies
TXH Series 120–480 Watt

Input Specifications 
Input voltage – nominal  100 – 240 VAC 
 – AC range (universal input)  90 – 264 VAC 
 – DC range   120 – 370 VDC

Input frequency   47 – 63 Hz

Earth leakage current (240 VAC / 63 Hz) 360 W models: 300 µA max. 
  other models: 500 µA max. 

Input current at full load – at 115 VAC / 230 VAC 120 W models: 2.0 A typ. / 1.0 A typ. 
  240 W models: 3.0 A typ. / 1.5 A typ. 
  360 W models: 4.0 A typ. / 2.0 A typ. 
  480 W models: 5.5 A typ. / 3.0 A typ.

Recommended circuit breaker 120 & 240 W models: 5 A  
(characteristic C) or slow blow fuse 360 & 480 W models: 10 A

Output Specifications 
Voltage set accuracy   ±2 % max.

Output voltage adjustment range  120 & 240 W models: fixed  
  360 & 480 W models:  ±10 % with internal potentiometer

Regulation – Input variation  1 % max.  
 – Load variation (0–100%)  1 % max.

Minimum load   not required

Ripple and noise (20 MHz bandwidth) [mVp-p] max.  Models:   12 VDC 24 VDC 36 VDC 48 VDC 
   120 W   120   240     -   480 
  240 W    120   200     -   200  
  360 W   150   200     -   200  
  480 W    100   200   200   300

Hold-up time   10 ms min.  

Current limitation   130 - 150 % foldback, auto recovery

Short circuit protection   indefinite, 
  360 & 480 W models: auto recovery 
  120 & 240 W models: no auto recovery (power disconnect required) 

Overvoltage protection by Zener diode  120 % of Vout typ. 
  360 & 480 W models: auto recovery 
  120 & 240 W models: no auto recovery (power disconnect required) 

Overtemperature protection   for 360 & 480 W models only, auto recovery

Capacitive load, [µF] max.   Models:   12 VDC 24 VDC 36 VDC 48 VDC 
   120 W 23‘000 tba     - 470 
  240 W  23‘000 tba     - 470  
  360 W 85‘000 48‘000     - 13‘000  
  480 W  180‘000 75‘000 50‘000 25‘000

General Specifications 
Temperature ranges – Operating 120 W models: –25°C to +70°C 
  240 & 360 W models: –10°C to +70°C 
   480 W models: –20°C to +70°C 
 – Storage (non operating)  –25°C to +85°C

Derating   2.5 %/K above +50°C 
   (–20°C to +5°C operation also requires a dera-  
   ting for THX 480-112 model: 2%/K below 5°C)

Temperature coefficient   0.03 %/K

Humidity (non condensing)   95 % rel max.

All specifications valid at nominal input voltage, full load and +25°C after warm-up time unless otherwise stated. 
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Outline Dimensions

Weight:  390 g  (13.8 oz)
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TXH 120 models

General Specifications 
Switching frequency  (pulse width modulation PWM) 120 & 240 W models: 100 kHz typ. 
  360 W models: 75 kHz typ. 
  480 W models: 62 kHz typ.

Isolation voltage (60 sec.) – Input / Output 120 & 240 W  models: 4‘000 VAC 
  360 & 480 W models: 3‘000 VAC 
 – Input / Case 120 & 240 W  models: 2‘000 VAC   
  360 & 480 W models: 1‘500 VAC 
 – Output / Case  500 VAC

Reliability /calculated MTBF   120 & 360 W models: >120‘000 h 
(MIL-HDBK-217F, at +25°C, ground benign) 240 W models: >50’000 h 
  480 W models: >100’000 h

Electromagnetic compatibility  – Conducted input RI suppression  EN 55022, class B, FCC part 15, level B 
(EMC), Emissions – Harmonic current emissions   IEC/EN 61000-3-2 class B

Electromagnetic compatibility    EN 55024 
(EMC), Immunity    

Degree of protection    class I

Safety standards   UL 60950-1, IEC/EN 60950-1

Safety approvals  – UL/cUL 60950-1 (entry pending)  www.ul.com -> certifications -> File e188913 
 – CB report according to IEC 60950-1  on request   

Environment  – Vibration   3 axes, sine sweep, 10–500Hz, 2g, 0.1 oct/min 
 – Shock  tba.

Environmental compliance – Reach  www.tracopower.com/products/txh-reach.pdf 
 – RoHS  RoHS directive 2002/95/EC

Optional Cover

TXH 120–COV Cover incl. screws for TXH 120 models

Metal Case Power Supplies
TXH Series 120–480 Watt
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Weight:  750 g  (26 oz)

Outline Dimensions

TXH	360	models

Weight:  580 g  (20.5 oz)
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TXH 240 models

Optional Cover

TXH 240–COV Cover incl. screws for TXH 240 models

Metal Case Power Supplies
TXH Series 120–480 Watt

Dimensions in [mm], () = Inch
Tolerances  ±0.8 (±0.03)
Mounting hole pich tolerances ±0.5 (±0.02)

1 FG
2 AC IN (N)
3 AC IN (L)
4~6 +DC OUT
7~9 -DC OUT

Max mounting screw penetration: 3.0 mm (0.12)

5x M4 THD

4x M4 THD

15.7

10.0

4.5
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Outline Dimensions

Specifications can be changed any time without notice.
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Metal Case Power Supplies
TXH Series 120–480 Watt

Weight:  1050 g  (37 oz)

TXH 480 models

Dimensions in [mm], () = Inch
Tolerances  ±0.8 (±0.03)
Mounting hole pich tolerances ±0.5 (±0.02)

Max mounting screw penetration: 2.5 mm (0.10)

Input terminal

1 AC (N)

2 AC (L)

3 FG

Output terminal

4-6 + Vout

7-9 - Vout

Control connector

C1 + Sense

C2 - Sense

C3
Remote Control: open = On, short = Off

C4

C5 DC-OK: 4-6 VDC = On, 0-1 VDC = Off

C6 GND

C7 +5 VDC aux. ±10%, 0.6 A max. 

C8 GND aux.
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Main
Range of product TeSys D
Product or component
type

Contactor

Device short name LC1D
Contactor application Motor control

Resistive load
Utilisation category AC-1

AC-3
Poles description 3P
Power pole contact
composition

3 NO

[Ue] rated operational
voltage

<= 690 V DC for power circuit
<= 690 V AC 25...400 Hz for power circuit

[Ie] rated operational
current

9 A (<= 60 °C) at <= 440 V AC AC-3 for power cir-
cuit
25 A (<= 60 °C) at <= 440 V AC AC-1 for power cir-
cuit

Motor power kW 5.5 kW at 660...690 V AC 50/60 Hz
5.5 kW at 500 V AC 50/60 Hz
4 kW at 415...440 V AC 50/60 Hz
4 kW at 380...400 V AC 50/60 Hz
2.2 kW at 220...230 V AC 50/60 Hz

Motor power HP (UL /
CSA)

7.5 hp at 575/600 V AC 50/60 Hz for 3 phases mo-
tors
5 hp at 460/480 V AC 50/60 Hz for 3 phases motors
2 hp at 230/240 V AC 50/60 Hz for 3 phases motors
2 hp at 200/208 V AC 50/60 Hz for 3 phases motors
1 hp at 230/240 V AC 50/60 Hz for 1 phase motors
0.5 hp at 115 V AC 50/60 Hz for 1 phase motors

Control circuit type DC standard
Control circuit voltage 24 V DC
Auxiliary contact com-
position

1 NO + 1 NC

[Uimp] rated impulse
withstand voltage

6 kV conforming to IEC 60947

Overvoltage category III
[Ith] conventional free
air thermal current

10 A at <= 60 °C for signalling circuit
25 A at <= 60 °C for power circuit

Irms rated making ca-
pacity

250 A DC for signalling circuit conforming to IEC
60947-5-1
140 A AC for signalling circuit conforming to IEC
60947-5-1
250 A at 440 V for power circuit conforming to IEC
60947

Rated breaking capac-
ity

250 A at 440 V for power circuit conforming to IEC
60947

[Icw] rated short-time
withstand current

61 A <= 40 °C 1 min power circuit
30 A <= 40 °C 10 min power circuit
140 A 100 ms signalling circuit
120 A 500 ms signalling circuit
100 A 1 s signalling circuit
210 A <= 40 °C 1 s power circuit
105 A <= 40 °C 10 s power circuit

Associated fuse rating 20 A gG at <= 690 V coordination type 2 for power
circuit
25 A gG at <= 690 V coordination type 1 for power
circuit
10 A gG for signalling circuit conforming to IEC
60947-5-1

Average impedance 2.5 mOhm at 50 Hz - Ith 25 A for power circuit
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[Ui] rated insulation
voltage

600 V for signalling circuit certifications UL
600 V for signalling circuit certifications CSA
690 V for signalling circuit conforming to IEC
60947-1
600 V for power circuit certifications UL
600 V for power circuit certifications CSA
690 V for power circuit conforming to IEC 60947-4-1

Electrical durability 2 Mcycles 9 A AC-3 at Ue <= 440 V
0.6 Mcycles 25 A AC-1 at Ue <= 440 V

Power dissipation per
pole

0.2 W AC-3
1.56 W AC-1

Safety cover With
Mounting support Plate

Rail
Standards EN 60947-4-1

EN 60947-5-1
IEC 60947-4-1
IEC 60947-5-1
UL 508
CSA C22.2 n°14

Product certifications BV
CCC
CSA
DNV
GL
GOST
RINA
UL
LROS

Connections - terminals Control circuit: screw clamp terminals 2 cable(s)
1...4 mm² - cable stiffness: solid - without cable end
Control circuit: screw clamp terminals 1 cable(s)
1...4 mm² - cable stiffness: solid - without cable end
Control circuit: screw clamp terminals 2 cable(s)
1...2.5 mm² - cable stiffness: flexible - with cable end
Control circuit: screw clamp terminals 1 cable(s)
1...4 mm² - cable stiffness: flexible - with cable end
Control circuit: screw clamp terminals 2 cable(s)
1...4 mm² - cable stiffness: flexible - without cable
end
Control circuit: screw clamp terminals 1 cable(s)
1...4 mm² - cable stiffness: flexible - without cable
end
Power circuit: screw clamp terminals 2 cable(s) 1...4
mm² - cable stiffness: solid - without cable end
Power circuit: screw clamp terminals 1 cable(s) 1...4
mm² - cable stiffness: solid - without cable end
Power circuit: screw clamp terminals 2 cable(s)
1...2.5 mm² - cable stiffness: flexible - with cable end
Power circuit: screw clamp terminals 1 cable(s) 1...4
mm² - cable stiffness: flexible - with cable end
Power circuit: screw clamp terminals 2 cable(s) 1...4
mm² - cable stiffness: flexible - without cable end
Power circuit: screw clamp terminals 1 cable(s) 1...4
mm² - cable stiffness: flexible - without cable end

Tightening torque Control circuit: 1.7 N.m - on screw clamp terminals -
with screwdriver Philips No 2
Control circuit: 1.7 N.m - on screw clamp terminals -
with screwdriver flat Ø 6 mm
Power circuit: 1.7 N.m - on screw clamp terminals -
with screwdriver Philips No 2
Power circuit: 1.7 N.m - on screw clamp terminals -
with screwdriver flat Ø 6 mm

Operating time 16...24 ms opening
53.55...72.45 ms closing

Safety reliability level B10d = 20000000 cycles contactor with mechanical
load conforming to EN/ISO 13849-1
B10d = 1369863 cycles contactor with nominal load
conforming to EN/ISO 13849-1

Mechanical durability 30 Mcycles
Operating rate 3600 cyc/h at <= 60 °C

4

Complementary
Coil technology Built-in bidirectional peak limiting diode suppressor
Control circuit voltage limits 0.7...1.25 Uc at 60 °C operational

0.1...0.25 Uc at 60 °C drop-out
Time constant 28 ms
Inrush power in W 5.4 W at 20 °C
Hold-in power consumption in W 5.4 W at 20 °C
Auxiliary contacts type Type mirror contact (1 NC) conforming to IEC 60947-4-1

Type mechanically linked (1 NO + 1 NC) conforming to IEC 60947-5-1
Signalling circuit frequency 25...400 Hz
Minimum switching current 5 mA for signalling circuit
Minimum switching voltage 17 V for signalling circuit
Non-overlap time 1.5 ms on energisation (between NC and NO contact)

1.5 ms on de-energisation (between NC and NO contact)
Insulation resistance > 10 MOhm for signalling circuit

Environment
IP degree of protection IP2x front face conforming to IEC 60529
Protective treatment TH conforming to IEC 60068-2-30
Pollution degree 3
Ambient air temperature for operation -5...60 °C
Ambient air temperature for storage -60...80 °C
Permissible ambient air temperature around the de-
vice

-40...70 °C at Uc

Operating altitude 3000 m without derating in temperature
Fire resistance 850 °C conforming to IEC 60695-2-1
Flame retardance V1 conforming to UL 94
Mechanical robustness Shocks contactor closed 15 Gn for 11 ms

Shocks contactor open 10 Gn for 11 ms
Vibrations contactor closed 4 Gn, 5...300 Hz
Vibrations contactor open 2 Gn, 5...300 Hz

Height 77 mm
Width 45 mm
Depth 95 mm
Product weight 0.48 kg

Offer Sustainability
Sustainable offer status Green Premium product
RoHS Compliant - since 0627 - Schneider Electric declaration of conformity download

declaration of conformity
REACh Reference not containing SVHC above the threshold
Product environmental profile Available  Download Product Environmental
Product end of life instruction Need no specific recycling operations  Download Product environmental
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FEATURES

• Total power dissipation: max. 500 mW
• Two tolerance series: ±2%, and approx. ±5%
• Working voltage range: nom. 2.4 to 75 V (E24 range)
• Non-repetitive peak reverse power dissipation: 

max. 40 W.

APPLICATIONS

• Low voltage stabilizers or voltage references.

DESCRIPTION

Low-power voltage regulator diodes in hermetically sealed 
leaded glass SOD27 (DO-35) packages. The diodes are 
available in the normalized E24 ±2% (BZX79-B) and 
approx. ±5% (BZX79-C) tolerance range. The series 
consists of 37 types with nominal working voltages from 
2.4 to 75 V.

Fig.1 Simplified outline (SOD27; DO-35) and 
symbol.

The diodes are type branded.

handbook, halfpage

MAM239

k a

LIMITING VALUES
In accordance with the Absolute Maximum Rating System (IEC 60134).

Notes
1. Device mounted on a printed circuit-board without metallization pad; lead length max.
2. Tie-point temperature ≤ 50 °C; max. lead length 8 mm.

ELECTRICAL CHARACTERISTICS

Total BZX79-B and BZX79-C series
Tj = 25 °C unless otherwise specified.

SYMBOL PARAMETER CONDITIONS MIN. MAX. UNIT
IF continuous forward current − 250 mA
IZSM non-repetitive peak reverse current tp = 100 μs; square wave; 

Tj = 25 °C prior to surge
see Tables 1 and 2 A

Ptot total power dissipation Tamb = 50 °C; note 1 − 400 mW
Tamb = 50 °C; note 2 − 500 mW

PZSM non-repetitive peak reverse power 
dissipation

tp = 100 μs; square wave; 
Tj = 25 °C prior to surge; see Fig.3

− 40 W

Tstg storage temperature −65 +200 °C
Tj junction temperature −65 +200 °C

SYMBOL PARAMETER CONDITIONS MAX. UNIT
VF forward voltage IF = 10 mA; see Fig.4 0.9 V
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IR reverse current
BZX79-B/C2V4 VR = 1 V 50 μA
BZX79-B/C2V7 VR = 1 V 20 μA
BZX79-B/C3V0 VR = 1 V 10 μA
BZX79-B/C3V3 VR = 1 V 5 μA
BZX79-B/C3V6 VR = 1 V 5 μA
BZX79-B/C3V9 VR = 1 V 3 μA
BZX79-B/C4V3 VR = 1 V 3 μA
BZX79-B/C4V7 VR = 2 V 3 μA
BZX79-B/C5V1 VR = 2 V 2 μA
BZX79-B/C5V6 VR = 2 V 1 μA
BZX79-B/C6V2 VR = 4 V 3 μA
BZX79-B/C6V8 VR = 4 V 2 μA
BZX79-B/C7V5 VR = 5 V 1 μA
BZX79-B/C8V2 VR = 5 V 700 nA
BZX79-B/C9V1 VR = 6 V 500 nA
BZX79-B/C10 VR = 7 V 200 nA
BZX79-B/C11 VR = 8 V 100 nA
BZX79-B/C12 VR = 8 V 100 nA
BZX79-B/C13 VR = 8 V 100 nA
BZX79-B/C15 to BZX79-B/C75 VR = 0.7VZnom 50 nA

SYMBOL PARAMETER CONDITIONS MAX. UNIT

2002 Feb 27
4

 

N
X

P
 S

em
iconductors

P
roduct data sheet

Voltage regulator diodes
B

ZX
79 series

Table 1 Per type, BZX79-B/C2V4 to BZX79-B/C24
Tj = 25 °C unless otherwise specified.

BZX79- 
Bxxx 
Cxxx

WORKING VOLTAGE
VZ (V)

at IZtest = 5 mA

DIFFERENTIAL RESISTANCE 
rdif (Ω)

TEMP. COEFF. 
SZ (mV/K) 

at IZtest = 5 mA 
(see Figs 5 and 6)

DIODE CAP. 
Cd (pF) 

at f = 1 MHz; 
VR = 0 V

NON-REPETITIVE PEAK 
REVERSE CURRENT 

IZSM (A) 
at tp = 100 μs; Tamb = 25 °C

Tol. ±2% (B) Tol. approx. 
±5% (C) at IZtest = 1 mA at IZtest = 5 mA

MIN. MAX. MIN. MAX. TYP. MAX. TYP. MAX. MIN. TYP. MAX. MAX. MAX.
2V4 2.35 2.45 2.2 2.6 275 600 70 100 −3.5 −1.6 0 450 6.0
2V7 2.65 2.75 2.5 2.9 300 600 75 100 −3.5 −2.0 0 450 6.0
3V0 2.94 3.06 2.8 3.2 325 600 80 95 −3.5 −2.1 0 450 6.0
3V3 3.23 3.37 3.1 3.5 350 600 85 95 −3.5 −2.4 0 450 6.0
3V6 3.53 3.67 3.4 3.8 375 600 85 90 −3.5 −2.4 0 450 6.0
3V9 3.82 3.98 3.7 4.1 400 600 85 90 −3.5 −2.5 0 450 6.0
4V3 4.21 4.39 4.0 4.6 410 600 80 90 −3.5 −2.5 0 450 6.0
4V7 4.61 4.79 4.4 5.0 425 500 50 80 −3.5 −1.4 0.2 300 6.0
5V1 5.00 5.20 4.8 5.4 400 480 40 60 −2.7 −0.8 1.2 300 6.0
5V6 5.49 5.71 5.2 6.0 80 400 15 40 −2.0 1.2 2.5 300 6.0
6V2 6.08 6.32 5.8 6.6 40 150 6 10 0.4 2.3 3.7 200 6.0
6V8 6.66 6.94 6.4 7.2 30 80 6 15 1.2 3.0 4.5 200 6.0
7V5 7.35 7.65 7.0 7.9 30 80 6 15 2.5 4.0 5.3 150 4.0
8V2 8.04 8.36 7.7 8.7 40 80 6 15 3.2 4.6 6.2 150 4.0
9V1 8.92 9.28 8.5 9.6 40 100 6 15 3.8 5.5 7.0 150 3.0
10 9.80 10.20 9.4 10.6 50 150 8 20 4.5 6.4 8.0 90 3.0
11 10.80 11.20 10.4 11.6 50 150 10 20 5.4 7.4 9.0 85 2.5
12 11.80 12.20 11.4 12.7 50 150 10 25 6.0 8.4 10.0 85 2.5
13 12.70 13.30 12.4 14.1 50 170 10 30 7.0 9.4 11.0 80 2.5
15 14.70 15.30 13.8 15.6 50 200 10 30 9.2 11.4 13.0 75 2.0
16 15.70 16.30 15.3 17.1 50 200 10 40 10.4 12.4 14.0 75 1.5
18 17.60 18.40 16.8 19.1 50 225 10 45 12.4 14.4 16.0 70 1.5
20 19.60 20.40 18.8 21.2 60 225 15 55 12.3 15.6 18.0 60 1.5
22 21.60 22.40 20.8 23.3 60 250 20 55 14.1 17.6 20.0 60 1.25
24 23.50 24.50 22.8 25.6 60 250 25 70 15.9 19.6 22.0 55 1.25
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Table 2 Per type, BZX79-B/C27 to BZX79-B/C75
Tj = 25 °C unless otherwise specified.

BZX79- 
Bxxx 
Cxxx

WORKING VOLTAGE
VZ (V)

at IZtest = 2 mA

DIFFERENTIAL RESISTANCE 
rdif (Ω)

TEMP. COEFF. 
SZ (mV/K) 

at IZtest = 2 mA 
(see Figs 5 and 6)

DIODE CAP. 
Cd (pF) 

at f = 1 MHz; 
VR = 0 V

NON-REPETITIVE PEAK 
REVERSE CURRENT 

IZSM (A) 
at tp = 100 μs; Tamb = 25 °C

Tol. ±2% (B) Tol. approx. 
±5% (C) at IZtest = 0.5 mA at IZtest = 2 mA

MIN. MAX. MIN. MAX. TYP. MAX. TYP. MAX. MIN. TYP. MAX. MAX. MAX.
27 26.50 27.50 25.1 28.9 65 300 25 80 18.0 22.7 25.3 50 1.0
30 29.40 30.60 28.0 32.0 70 300 30 80 20.6 25.7 29.4 50 1.0
33 32.30 33.70 31.0 35.0 75 325 35 80 23.3 28.7 33.4 45 0.9
36 35.30 36.70 34.0 38.0 80 350 35 90 26.0 31.8 37.4 45 0.8
39 38.20 39.80 37.0 41.0 80 350 40 130 28.7 34.8 41.2 45 0.7
43 42.10 43.90 40.0 46.0 85 375 45 150 31.4 38.8 46.6 40 0.6
47 46.10 47.90 44.0 50.0 85 375 50 170 35.0 42.9 51.8 40 0.5
51 50.00 52.00 48.0 54.0 90 400 60 180 38.6 46.9 57.2 40 0.4
56 54.90 57.10 52.0 60.0 100 425 70 200 42.2 52.0 63.8 40 0.3
62 60.80 63.20 58.0 66.0 120 450 80 215 58.8 64.4 71.6 35 0.3
68 66.60 69.40 64.0 72.0 150 475 90 240 65.6 71.7 79.8 35 0.25
75 73.50 76.50 70.0 79.0 170 500 95 255 73.4 80.2 88.6 35 0.2
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THERMAL CHARACTERISTICS

Note
1. Device mounted on a printed circuit-board without metallization pad.

SYMBOL PARAMETER CONDITIONS VALUE UNIT
Rth j-tp thermal resistance from junction to tie-point lead length 8 mm. 300 K/W
Rth j-a thermal resistance from junction to ambient lead length max.; see Fig.2 and note 1 380 K/W

GRAPHICAL DATA

handbook, full pagewidth
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Fig.2  Thermal resistance from junction to ambient as a function of pulse duration.
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Fig.3 Maximum permissible non-repetitive peak 
reverse power dissipation versus duration.

handbook, halfpage
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(1) Tj = 25 °C (prior to surge).
(2) Tj = 150 °C (prior to surge).

Fig.4 Typical forward current as a function of 
forward voltage.
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Fig.5 Temperature coefficient as a function of 
working current; typical values.
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BZX79-B/C2V4 to BZX79-B/C4V3.
Tj = 25 to 150 °C.

Fig.6 Temperature coefficient as a function of 
working current; typical values.
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BZX79-B/C4V7 to BZX79-B/C12.
Tj = 25 to 150 °C.
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PACKAGE OUTLINE

 REFERENCESOUTLINE
VERSION

EUROPEAN
PROJECTION ISSUE DATE

 IEC  JEDEC  EIAJ

Note

1. The marking band indicates the cathode.

 SOD27 DO-35A24 SC-40 97-06-09

Hermetically sealed glass package; axial leaded; 2 leads SOD27

UNIT b
max.

mm 0.56

D
max.

G1
max.

25.44.251.85

L
min.

DIMENSIONS (mm are the original dimensions)

G1LD L

b

(1)

0 1 2 mm

scale
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DATA SHEET STATUS

Notes
1. Please consult the most recently issued document before initiating or completing a design.
2. The product status of device(s) described in this document may have changed since this document was published 

and may differ in case of multiple devices. The latest product status information is available on the Internet at 
URL http://www.nxp.com. 

DOCUMENT
STATUS(1)

PRODUCT 
STATUS(2) DEFINITION

Objective data sheet Development This document contains data from the objective specification for product 
development. 

Preliminary data sheet Qualification This document contains data from the preliminary specification. 
Product data sheet Production This document contains the product specification. 

DISCLAIMERS

General ⎯ Information in this document is believed to be 
accurate and reliable. However, NXP Semiconductors 
does not give any representations or warranties, 
expressed or implied, as to the accuracy or completeness 
of such information and shall have no liability for the 
consequences of use of such information.

Right to make changes ⎯ NXP Semiconductors 
reserves the right to make changes to information 
published in this document, including without limitation 
specifications and product descriptions, at any time and 
without notice. This document supersedes and replaces all 
information supplied prior to the publication hereof.

Suitability for use  ⎯ NXP Semiconductors products are 
not designed, authorized or warranted to be suitable for 
use in medical, military, aircraft, space or life support 
equipment, nor in applications where failure or malfunction 
of an NXP Semiconductors product can reasonably be 
expected to result in personal injury, death or severe 
property or environmental damage. NXP Semiconductors 
accepts no liability for inclusion and/or use of NXP 
Semiconductors products in such equipment or 
applications and therefore such inclusion and/or use is at 
the customer’s own risk.

Applications  ⎯ Applications that are described herein for 
any of these products are for illustrative purposes only. 
NXP Semiconductors makes no representation or 
warranty that such applications will be suitable for the 
specified use without further testing or modification.

Limiting values ⎯ Stress above one or more limiting 
values (as defined in the Absolute Maximum Ratings 
System of IEC 60134) may cause permanent damage to 
the device. Limiting values are stress ratings only and 
operation of the device at these or any other conditions 

above those given in the Characteristics sections of this 
document is not implied. Exposure to limiting values for 
extended periods may affect device reliability.

Terms and conditions of sale ⎯ NXP Semiconductors 
products are sold subject to the general terms and 
conditions of commercial sale, as published at 
http://www.nxp.com/profile/terms, including those 
pertaining to warranty, intellectual property rights 
infringement and limitation of liability, unless explicitly 
otherwise agreed to in writing by NXP Semiconductors. In 
case of any inconsistency or conflict between information 
in this document and such terms and conditions, the latter 
will prevail.

No offer to sell or license ⎯ Nothing in this document 
may be interpreted or construed as an offer to sell products 
that is open for acceptance or the grant, conveyance or 
implication of any license under any copyrights, patents or 
other industrial or intellectual property rights.

Export control ⎯ This document as well as the item(s) 
described herein may be subject to export control 
regulations. Export might require a prior authorization from 
national authorities.

Quick reference data ⎯ The Quick reference data is an 
extract of the product data given in the Limiting values and 
Characteristics sections of this document, and as such is 
not complete, exhaustive or legally binding. 

NXP Semiconductors

Contact information

For additional information please visit: http://www.nxp.com 
For sales offices addresses send e-mail to: salesaddresses@nxp.com  

© NXP B.V. 2009

All rights are reserved. Reproduction in whole or in part is prohibited without the prior written consent of the copyright owner.
The information presented in this document does not form part of any quotation or contract, is believed to be accurate and reliable and may be changed 
without notice. No liability will be accepted by the publisher for any consequence of its use. Publication thereof does not convey nor imply any license 
under patent- or other industrial or intellectual property rights.

Customer notification

This data sheet was changed to reflect the new company name NXP Semiconductors. No changes were 
made to the content, except for the legal definitions and disclaimers.
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