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Abstract

Small-batch manufacturing systems must compensate for nominal process
variations (e.g., variations in the thickness of sheet metal) that might cause inferior
products. A force sensor has been developed to detect some of these critical process
variations. Several of these sensors are encapsulated in the rubber gripping pads of a
robotic manipulator; they monitor shear forces acting on the pads, which originate from
forces applied to the part being gripped. Information from the sensors is intended to
correct deviations in the part manipulation process through sensor-based control
schemes. Specifically, the sensors will be used to align the sheet metal part, to detect un-
planned collisions between the part and the metal-bending workstation, and to detect
imminent part slippage in the gripper.

The sensor is described in detail. Its static and dynamic behavior is characterized
through a series of controlled experiments. The sensor-based control strategies are then
described. Finally, suggestions are posed for future research to improve the sensor's

design, fabrication, and use.
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1.0 Introduction

Mass-production systems rely on large batch sizes to distribute the costs of
making errors and fine-tuning the fabrication machine. Small-batch and custom part
manufacturing systems do not have this economy of scale; the automated machine must
make the custom part correctly the first time in order to be economical, correcting errors
before or during production. A majority of production errors occur because the system
is not robust to variations in the manufacturing process (e.g., variations in the thickness
of sheet metal). Since process variations are difficult to model before the actual
manufacturing run, sensors are used to detect and compensate for them in real time.

We are developing an intelligent, automated metal-bending workstation that
makes small-batch sheet metal parts efficiently from Computer-Aided Design (CAD)
descriptions. This system includes a process planner that (1) selects the necessary
punches, dies, grippers, and sensors, (2) determines the fabrication sequence, and
(3) generates the software to operate the bending machine. After formulating the process
plan, the system provides real-time sensor-based control of the bending machine during
the manufacturing process; it also records the process history for later review.

The automated metal-bending machine consists of the following four major
mechanical components: (1) a press brake to bend the part; (2) a 5 degree-of-freedom
robotic manipulator to handle and position the part in the press brake; (3) a material
loader/unloader to pick up one sheet of metal for the robot to grab, and to unload
finished parts; and (4) a repositioning gripper to hold the part while the robot is changing
its grasp (see Figure 1). The original bending machine is programmed through teach-
playback methods that can take considerable time to fine-tune for a desired part. Even
after the system is fine-tuned, failures still occur while making parts. These failures
include collisions with the punch tools and poor bends due to part misalignment. They
occur because the machine does not know the part's position and orientation accurately.

There are at least four causes of part position uncertainty: (1) mechanical slop in the
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loading mechanism, (2) part position information loss when the gripper releases the part
during bending, (3) part slippage in the gripper during handling, and (4) part flex during
handling. Part position uncertainty can be minimized by augmenting the system with
SEnsors.

In this report, we describe a fingerpad force sensor that detects process variations
for the automated sheet metal bending manufacturing system described above. Several
of these sensors are embedded in the robot's gripping pads. When external forces are
applied to the sheet metal part being held by the gripper, the rubber pads deform
producing a change in the sensors' outputs. Since the sensors are an integral part of the
robot's gripper, they travel with the part. This design allows the machine to monitor the
"status” of the part anytime during material handling. In this way, the sensors are able to
align the part at the loading station and the press brake, detect un-planned collisions with

the part, and detect imminent part slippage.

Press Brake

Material
Loader/Unloader

o Part Blank
Repositioning

Gripper

Robot

Figure 1. An automated sheet metal bending machine. (Drawing courtesy of Brack Hazen.)
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This report focuses on the development and use of the force sensor. Section 2
describes the force sensor design concept and discusses the sensor's development.
Section 3 describes several controlled experiments conducted to determine the sensor's
static and dynamic characteristics. Section 4 describes several applications of the force
sensor specific to the intelligent metal bending workstation project, and outlines sensing
strategies for these applications. Section S discusses possible improvements and
extensions to the current sensor system. Section 6 discusses other force sensor designs
similar to ours (Lord Corporation 1985 and Nomura et al. 1985).! Section 7 concludes
the report with a summary of the force sensor, its characteristics, and its potential

applications.

2.0 Development of the Force Sensor

We have developed a force sensor to monitor forces acting on the sheet metal part
during a metal-bending manufacturing process. Information from several of these
sensors will allow the bending machine to detect and overcome the following
manufacturing process variations:?2

1. Part misalignment when the robot acquires the part at the loading station and
places the part into the press brake for bending

2. Unplanned part collisions with the press brake, robot, or other obstacles
3. Imminent part slippage in the gripper, which occurs when the robot
accelerates large parts too quickly
The bending machine will use sensor-based control strategies to compensate for these
variations in real time. In particular, the sensor will help the robot to align the part

properly, recover from a collision, and prevent part slippage.

lwe first discuss our sensor design and characteristics; this will help clarify the relevance of the other sensor
designs.
2 We are in the process of integrating the sensor hardware and software with the bending machine's system.
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For example, a bent part collides with the punch tool when the robot tries to
remove it from the press brake (see Figure 2). The collision causes a large, abrupt
change in the sensor signals, initiating a sensor-based control routine to help the bending
machine recover from the collision. The sensor routine interrupts the robot program and
moves the part away from the punch tool; this prevents damage to the part, robot, punch
tool, and sensors. The sensor routine notifies the process planner of the error and adjusts
the robot's path, using the sensor's information on the impact force direction to avoid
colliding with the punch tool again. Finally, the robot moves along the adjusted path
using sensor feedback to "feel” its way out of the press brake. This example illustrates
that detection of an error in the process is only half of the solution; the other half is the

sensor-based control strategy used to compensate for the error.

SIDE VIEW

Figure 2. An example of a collision that could occur while removing the bent part from
the press brake.

2.1 The Force Sensor Requirements

There are several operational and physical requirements for the force sensor. The
desired sensing resolution is 1 to 2 1b; that is, the sensor should be sensitive enough to
detect a 1to 2 1b change in applied force. This sensitivity is necessary for the alignment

tasks, which are the most demanding tasks for the sensor; they require snug contact
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between the part's edge and the alignment backstops (i.e., fixtures on the machine that
serve as reference fences against which parts are aligned). For example, when the robot
loads the part into the press brake for bending, the part must touch the two backstops
simultaneously to be aligned properly (see Figure 20).

The sensor must be able to sense forces between 0 1b and 20 1b in each sensing
direction; it must detect both small and large forces. When the robot aligns the part
against the machine's backstops before bending, the sensor must be able to detect small
forces; the part might buckle or flex -- especially if it has large cut-out sections -- if the
robot pushes on it with forces greater than 5 Ib. The sensor must also be sensitive to
larger forces to perform impact and slip detection. When an impact occurs, a large
narrow spike is produced in the sensor's output. If the sensing range is too small, then
the sensor’s output will saturate during an impact and it will be difficult to distinguish
between an impact and other normal activities.

Along with these operational requirements, there are physical constraints. The
sensor must be compact since there is limited space to mount sensors on the bending
machine, and it cannot interfere with normal robot and press brake motions. Also, the

sensor must be relatively inexpensive.

2.2 The Force Sensor Concept

Attaching a myriad of sensors to the bending machine is neither a practical nor a
cost effective way to detect the process variations described in Section 2.0. The original
automated metal-bending machine uses more than 20 sensors and limit switches;
nevertheless, many process variations go undetected.

We take a different approach. Instead of employing individual sensors for each
application, we use one set of sensors for all our force sensing applications. The robot's
gripper is an ideal place for the force sensors: forces are transferred from the part to the

gripper when the part interacts with its environment. Hence, the set of force sensors
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travels with the part and is always present to measure forces applied to the part --
especially during crucial procedures like loading sheet metal into the press brake for
bending.

Each force sensor is an integral element of the robot's parallel-jaw gripper and can
be viewed as a fingerpad for the robot (see Figure 3, top). The sensor consists of a small
position sensitive device (PSD) mounted in the gripper and a miniature infrared light-
emitting diode (LED) embedded in a rubber pad that attaches to the gripper (see Figure 3,
bottom). The PSD is a photo-sensitive detector that measures the position of infrared
light on its exposed area. The sensor uses a one-dimensional PSD with a sensitive area
of 1 mm x 3.5 mm. Additional information is available on each of the sensor

components in Appendix A.

Gripper

T.°p F~— Rubber Pads
Gripper ~— Steel Plate
Bottom

Infrared Light-
Emitting Diode
Enlarged View Channel

Position-Sensitive
Detector

SIDE VIEW

Figure 3. A cross section of the force sensor. The bottom drawing shows an
enlarged view of the sensor.

The sensor's design concept is simple: when an external force acts on a part held
by the gripper (e.g., a collision with the press brake), the rubber pad deforms, causing the
LED to shift along the PSD's sensitive area; the PSD detects the shifting light source (sce
Figure 4).3

3The concept for this sensor originated from a discussion between David Alan Bourne and Mel Siegel at Carnegie
Mellon University's Robotics Institute.
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/Pan

Enlarged View

SIDE VIEW

Figure 4. A cross section of the force sensor under a shear load. The bottom diagram
shows an enlarged view of the sensor under a shear load.

2.3 Fabrication of the Force Sensor

The two most important facets of the force sensor's fabrication include
developing a way to mount the sensor on the gripper and determining a way to embed a
miniature LED in a rubber pad.

To avoid making modifications to the gripper, an aluminum mounting plate is
used to house the PSDs. The plate fastens to the bottom half of the gripper using the
gripper's existing screw holes. The rubber pads attach to sheet metal base-plates with
adhesive, and the base-plates, in turn, fasten to the top surface of the over-all mounting
plate with screws. By moving the rubber pad base-plate within the confines of its
enlarged screw holes, the LED light can be centered on the PSD surface. Access to the
sensors is fast and simple, since the mounting plate can be removed quickly from the
gripper; thus, the gripper need not be taken off-line for long periods of time for sensor
repairs.

Embedding the LED in a rubber pad is the most difficult aspect of making the
sensor. We cut a recess for the LED and a channel for its wires in a 3/8" thick rubber

pad (our rubber pad is 1/2" x 1" x 3/8"). We then embed the LED in the rubber pad with
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epoxy. Embedding the LED requires removing as little rubber material as possible and
applying the epoxy sparingly; otherwise, the mechanical properties of the rubber pad
change substantially.

For the work presented in this report, two one-dimensional sensors on the front
end of the gripper are used. Both sensitive areas of the PSDs are aligned along the length
of the gripper (see Figure 5).

1-D Sensors

TOP VIEW

Figure 5. A top view of the front-end of the gripper showing the location and orientation of
the force sensors.

24 The Force Sensor Signal Conditioning Circuit

A signal-conditioning circuit converts the current driven output signals of the
PSDs into voltage signals. The circuit produces two signals for each sensor: a DC-level
signal for measuring forces, and an AC signal for detecting collisions. The sensor circuit
consists of the following four main elements (see Figure 6) : (1) a current-to-voltage
conversion module to convert each of the two PSD output currents (il and i2) to voltage
values (v1 and v2); (2) a difference amplifier to determine the relative light position on
the PSD sensitive area (this is done by subtracting voltage v2 from voltage v1); (3) a
computer-controlled offset-nulling module to remove the large DC component of the

difference output (vl - v2), which occurs when the gripper closes and compresses the
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