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ABSTRACT 

Automated industrial workcells are becoming increasingly 

complex and varied due to greater accessibility of advanced 

robotic and sensing technologies. Degradation monitoring 

and diagnostics must advance to reduce the impact of 

increased system complexity on troubleshooting faults and 

failures and to optimize system operations. A new 

methodology is being developed for the design and 

implementation of monitoring kinematic chains commonly 

found in robot workcells. This method will enable the 

identification of degraded components which contribute to 

relative positioning accuracy error between moving objects, 

tools, devices, and other components. The proposed 

methodology is being developed and tested on a six degree of 

freedom industrial robot arm workcell use case developed at 

the National Institute of Standards and Technology (NIST). 

Industrial robot users and integrators can use this method to 

examine the kinematic chains within their workcells and 

design a key position monitoring implementation. With the 

added key position monitoring, degradations can be 

identified at a designed resolution allowing for enhanced 

maintenance planning and production control. The 

methodology will be extended to other manufacturing 

workcells in the future. 

1. INTRODUCTION 

Robotics, along with supporting sensing and automation 

technologies, are actively used for a variety of tasks 

throughout the manufacturing industry (Ahmad & Plapper, 

2016; Chen, Fuhlbrigge, & Li, 2008; Shi, Wang, & Li, 2007). 

As robotic and sensor technologies have evolved, the 

diversity and complexity of use cases have grown. There is a 

need to better understand the health, and consequently, the 

wear of these automation systems, as the manufacturing 

community increases their reliance on advanced 

technologies. Systems can be maintained more efficiently, 

leading to a more robust process, if/when advanced health 

information is generated.  

A critical element of industrial robot workcells is reliable 

(inclusive of repeatability) positioning. In many robot 

workcells, a six degree of freedom (6DOF) industrial robot 

arm is used as a macro positioner for an end effector (i.e., 

tooling mounted to the tool flange of the robot). The tool may 

be a gripper in a material handling application or it could be 

a welding gun, paint applicator, or tooling that is specific to 

other operations (Agheli, Qu, & Nestinger, 2014; Chen et al., 

2008; Weiss & Klinger, 2017). A workcell may be configured 

such that end effectors are changed during operations to 

enable a single robot to serve as the macro positioner for 

multiple tasks. Reliability of positioning accuracy is required 

when using industrial robots. 

Researchers from the National Institute of Standards and 

Technology (NIST) are focused on developing the necessary 

measurement science to verify and validate monitoring, 

diagnostic, and prognostic technologies to promote enhanced 

maintenance and control strategies within manufacturing 

operations (Pellegrino, Justiniano, Raghunathan, & Weiss, 

2016; Weiss et al., 2015). Part of this effort is focused on 

measuring technologies supporting 6DOF robot workcells 

(Klinger & Weiss, 2018; Weiss & Klinger, 2017). This article 

presents NIST’s development of a new methodology for the 

design and implementation of monitoring kinematic chains 

commonly found in robotic workcells. This method will 

enable the identification of degraded components that 

contribute to relative positioning accuracy errors between 

moving objects, tools, devices and other components. The 

proposed methodology is being developed and tested on a 

6DOF industrial robot arm workcell use case developed at 

NIST. This methodology will offer a low-cost, minimally 

invasive means for a manufacturer to quickly assess the 

health of their robot workcell and ascertain where in the 

kinematic chain positional errors are originating. Ultimately, 

this research will be used to promote industry-driven 

standards to verify and validate health monitoring of workcell 

technologies (Vogl, Weiss, & Donmez, 2014a, 2014b; Weiss, 

Alonzo, & Weinman, 2017). 
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The remainder of this paper is organized as follows. Section 

2 presents background on the need for identifying 

points/areas of degradation within the kinematic chain along 

with some prior work. Section 3 provides a detailed 

discussion of the proposed kinematic chain analysis 

methodology. Section 4 discusses the kinematic chain 

inspection process to identify degradations. Section 5 

highlights future work. Finally, Section 6 concludes the paper 

and acknowledges future work.  

2. BACKGROUND 

The Prognostics and Health Management (PHM) community 

is focused on advancing monitoring, diagnostic, and 

prognostic capabilities to maintain and/or improve asset 

availability, product/process quality, and productivity of a 

range of operations, including those within manufacturing. 

PHM has been actively applied to manufacturing factories 

with varying success (Helu & Weiss, 2016; Jin, Siegel, et al., 

2016; Jin, Weiss, Siegel, & Lee, 2016). This has included the 

development and implementation of numerous strategies to 

minimize reactive maintenance and optimize the balance 

between preventive and predictive maintenance (Lee, Lapira, 

Bagheri, & Kao, 2013; Lee, Ni, Djurdjanovic, Qiu, & Liao, 

2006; Peng, Dong, & Zuo, 2010; Vogl, Weiss, & Helu, 2016). 

Most manufacturing robot workcells can be considered 

complex systems of systems. The overall physical system can 

be broken down into sub-systems, components, sub-

components, etc. Decomposing the physical elements of a 

robot workcell into a hierarchy of elements offers a means of 

defining boundaries that can drive maintenance activities. 

This physical hierarchy can be connected with functional and 

informational hierarchies to provide a means of 

understanding complex relationships and identifying metrics 

and measures of workcell health (Sharp & Weiss, 2018; 

Weiss & Qiao, 2017; Weiss, Sharp, & Klinger, 2018). The 

more complex a system, the more critical it becomes to 

understand its inherent relationships to see how the state of 

mechanical degradation of physical elements impacts process 

performance.   

Research has been performed in monitoring the health, 

including positioning, of a robot, itself, separate from the 

workcell. Vision and laser tracker systems are two types of 

technologies that have been paired with PHM algorithms to 

enhance health awareness (Qiao & Weiss, 2017; Spiewak, 

Zaiss, & Ludwick, 2013; Wan, Song, Xu, Liu, & Chen, 

2018). There is a need to expand the health monitoring 

capabilities beyond the robot, itself, and to consider the entire 

robot workcell. Understanding and monitoring the 

positioning health of all elements of kinematic chains is a 

necessary part of a comprehensive PHM system for robot 

workcells. Prior research has been performed in monitoring 

the health of robot workcells, yet research has not been found 

that focuses specifically on monitoring kinematic chain 

health. Existing robot monitoring approaches  present unique 

solutions that are either too high-level and lacking specific 

guidance (Lopez-Mellado & Alami, 1990) or rely upon 

potentially costly technology (Jokinen & Lastra, 2016; 

Novak-Marcincin, Torok, Janak, & Novakova-

Marcincinova, 2014). NIST personnel believe that 

monitoring and analyzing the kinematic chain for positional 

degradation can be done in a cost-effective and minimally-

intrusive manner to increase benefit for the robot workcell 

owners and users.    

3. KINEMATIC CHAIN ANALYSIS 

Kinematic chains can be documented at various levels of 

complexity for the same mechanism. At the most detailed 

level, a kinematic chain contains all bodies, including 

components and sub-components, fasteners, and other parts. 

The documentation of some kinematic chains may only 

include links between actuated joints or express entire 

actuated assemblies as single links.   

It is beneficial to observe multiple points along a kinematic 

chain in a serial manipulator to monitor positioning accuracy 

and identify the source of positioning errors. By inspecting 

repeatability at multiple points along a chain, the source of 

repeatability degradation can be narrowed down to the 

component(s) located between adjacent inspection points. To 

facilitate this, a way of representing a kinematic chain is 

needed that provides sufficient detail to choose relevant 

inspection points to meet monitoring objectives. To develop 

this representation, a suggested starting point is to document 

the chain at the component level while identifying the 

relationships between components through their interfaces. 

The kinematic chain is made of links which can be connected 

to other links or a reference frame. Each component or 

element of the system is considered a link in the kinematic 

chain. Each link has a left-hand side (LHS) and a right-hand 

side (RHS) which correspond to that component’s interfaces 

with other links in the chain. It is important to note that LHS 

and RHS elements are physical pieces of the link, itself. For 

example, if a robot is a link, the LHS would likely be the 

robot’s base since that would be physically connected to a 

mounting surface and the RHS would likely be the robot’s 

tool flange since this is where an end effector would be 

joined. At the LHS and RHS boundaries of each link, 

permanent connections are represented by brackets ‘[,]’ and 

intermittent connections with parenthesis ‘(,)’. For example, 

a gripper, which is permanently fixed to a robot tool flange, 

will have a ‘[’ on its LHS corresponding to the permanent 

connection to a robot and a ‘)’ on its RHS corresponding to 

an intermittent connection to a part as shown in Figure 1.  

When individual links are joined to form a kinematic chain, 

the physical interfaces, represented by the LHS and RHS of 

adjacent links and the type of connection (permanent or 

intermittent), are easily identifiable as seen in Figure 2. A 

reference frame must exist at a boundary at either the far left  
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Figure 1. Kinematic chain individual link representation:  

(a) generic link, (b) example of a robot with permanent 

connections at both interfaces, and (c) example of a gripper 

with intermittent connection on RHS 

 

or far right (or both) of the chain to provide a basis of 

measurement. Using this convention also allows for the 

kinematic chain to be represented in text. A single link can be 

represented as [LHS, Link, RHS] or more simply [Link]. For 

example, the chain in Figure 2(a) can be represented as 

‘Reference] [LHS 1, Link 1, RHS 1] [LHS 2, Link 2, RHS 

2)’ or in a simpler form ‘Reference] [Link 1] [Link 2).’ 

A variety of components are typically chosen by a machine 

integrator for specific tasks during industrial robot workcell 

design and integration. This variety can pose a challenge in 

expressing the range of possible configurations. At 

 

 

Figure 2. Kinematic chain representation of two links with 

key features identified. (a) Generic representation, (b) robot 

and gripper example. 

 

minimum, every robotic workcell includes an industrial robot 

arm and an end effector. These components will serve as the 

starting point of the kinematic chain as shown in Figure 2(b). 

Not all kinematic chains remain intact throughout the entirety 

of a manufacturing process. In use cases where there are 

multiple, swappable end effectors, multiple chains will exist 

throughout the overall process. Likewise, an end effector may 

perform two or more functions. Each function will generate a 

unique kinematic chain which includes the interactions that 

are specific to those functions. Additional chains will need to 

be documented and analyzed in these scenarios.  

Beyond the robot arm and end effector, additional workcell 

components are considered part of the kinematic chain if they 

impact the positional accuracy of any component or action 

within the process. These components include elements that 

are not actuated or actively controlled yet are critical in the 

relative positioning of parts and equipment during operation. 

For example, a hard stop may be used to orient a part. If the 

hard stop is not properly positioned, the part will not be 

oriented properly when aligned with the stop. Therefore, the 

hard stop should be included in the kinematic chain. 

Additional components can also include parts being worked 

on and the fixturing that is holding them. 

3.1. NIST Use Case Kinematic Chains 

A use case and testbed with a material handling robot and a 

path-following robot were developed and built at NIST to 

serve as a platform to support robotic workcell PHM research 

(Klinger & Weiss, 2018; Weiss & Klinger, 2017). The use 

case begins with the material handling robot, with a gripper 

end effector, picking parts from an input, and placing them 

on a work fixture (Figure 3(a)). The path following robot, 

with a pen holding end effector, then draws on the part 

(Figure 3(b)). Once the drawing operation is complete, the 

part is then picked by the material handling robot and placed 

in an output location (Figure 3(c)). 

 

Figure 3. NIST use case: (a) Material handling robot moves 

a part to a work fixture. (b) Drawing robot draws on the 

part. (c) Material handling robot moves the completed part 

to the output 



 4

 

Figure 4. The NIST use case material handling robot kinematic chain: (a) graphical representation, (b) long-form text 

representation, (c) short-form text representation. 

 

As seen in Figure 4, for this use case, the world frame is the 

reference frame and is set by the table which the robot and 

fixtures are rigidly mounted on. The robot is the first link, 

followed by the gripper, then the part, and finally the fixture. 

The critical relationships in this kinematic configuration 

include the robot base to a table - a permanent connection 

shown in Figure 5(a), the robot tool flange to the gripper 

mounting - a permanent connection shown in Figure 5(b), the 

gripper fingers to the part - an intermittent connection shown 

in Figure 5(c), the part to the fixture - another intermittent 

connection, and the fixture to the table - a permanent 

connection highlighted in Figure 5(d). 

When the robot is in position to pick or place a part, there is 

a constrained relationship between the part and the gripper, 

as well as the part and the fixture. The robot must position the 

gripper in a designed relationship to the fixture (and part) 

during part pick and placement because of these physical 

constraints. The interfaces of the intermittent connection 

between the gripper and part are shown as the RHS of the 

gripper (gripper fingers) and the LHS of the part (part 

geometry) respectively. Likewise, interfaces of the 

intermittent connection between the part and the fixture are 

shown as the geometries of the part and the fixture. 

4. INSPECTING THE KINEMATIC CHAIN TO IDENTIFY 

DEGRADATION 

Identifying and tracking degradation of workcell components 

is possible by measuring positioning repeatability of key 

points along kinematic chains. By inspecting the positioning 

repeatability of individual components relative to a reference 

frame, components which have degraded in their ability to 

position repeatedly beyond a design limit can be identified. 

The proposed inspection method can treat kinematic chains 

as open loop chains due to the nature of serial manipulators. 

There may be workcell configurations where the kinematic 

chain is represented as a closed loop, as in the NIST use case 

example, but by inspecting individual points along the chain  

 

 

Figure 5. NIST use case material handling robot 

relationships: (a) robot base to the table, (b) robot tool 

flange to gripper mounting, (c) gripper fingers to part when 

on fixture, (d) fixture to table. 
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this does not pose an issue. In cases where the chain is a 

closed loop, which is typically due to multiple components 

interfacing directly with the same reference frame as the 

robot, inspections may need to be carried out working from 

both the LHS and RHS reference frames. This will be 

discussed further and through example with the NIST use 

case. 

Inspection of components starts at a reference frame. The 

measurement sensor(s) is in a known location to the reference 

frame and is assumed to be positioned and operating 

properly. Working left-to-right in the kinematic chain, the 

sensor(s) is fixed in the left most reference frame. Inspection 

begins at the RHS of the first component (link) with the 

testing of the position of the RHS of the component at a 

taught position. This assesses if the first component is 

maintaining sufficient repeatability to succeed. If the test is 

successful, then all parts of the first link are being positioned 

nominally. This is represented in Figure 6(a). After the first 

component is tested to be within specification the process 

continues, from left to right, by inspecting each component 

to confirm that each link is achieving its nominal test 

positions. After the RHS of the second link is tested 

successfully, the interface between the first and second link 

can be declared nominal and all parts of the second link are 

positioned nominally. This is represented in Figure 6(b). 

 

Figure 6. Annotated generic link inspection method. 

 

The decision of whether a component is being positioned 

nominally and a test is successful will depend on the designed 

allowance in the system. Due to tolerance stacking, it is not 

unusual to expect the allowance of components further from 

the reference in the kinematic chain to be higher and must be 

considered when choosing the sensor(s) used for inspection. 

It can also be beneficial to choose inspection points other than 

the RHS of links in the kinematic chain depending on the 

workcell. To help choose these points, an analysis of modes 

of positioning degradation is recommended. 

4.1. Identifying Positioning Degradation Modes Along 

the Kinematic Chain 

Likely sources of positional relationship issues can be 

identified once the kinematic chain and the interactions 

between components are mapped. The type and cause of 

positioning error will vary based upon the components within 

the workcell. Degradation modes can be found by assessing 

each link and the interactions between the links.  

A link can be actuated, like a robot, or rigid, like a part. These 

two types of links can degrade in many ways which can be 

classified as either rigid body deformations, or degraded 

actuation and positioning. With an actuated link, such as a 

robot arm, if any joint in the robot is not positioning itself 

correctly, the tool flange and end effector will not be 

positioned correctly. These positioning errors can present 

themselves instantaneously after crashes or over time after 

wear. Likewise, deformation of rigid bodies can occur 

instantaneously or over time. For example, gripper fingers 

may bend when colliding with a foreign object in the 

workcell as compared to the fingers fatiguing and bending 

over time after repeated use. Each link is susceptible to 

degradation and will influence how that component and the 

rest of the workcell performs. 

In addition to the positioning error modes from the links, 

themselves, the interactions between the links must be 

studied to assess the impact of link degradation on the 

relationships. Many different interactions can exist within the 

workcell. Couplings between components are either 

permanent or intermittent. Generally, the interface between 

two components is critical when the components’ interaction 

is intermittent. This type of interaction requires the 

components to be in their designed positions and may involve 

a specific actuation for coupling. This means that if a 

component is positioned improperly, the geometry is 

inaccurate or unexpected, or a component cannot actuate as 

intended to successfully execute the interaction, the process 

can be considered degraded and may not perform nominally. 

For example, when a part is being grasped by a gripper, the 

part must have the expected geometry and be properly 

positioned for the gripper which must be in the expected 

position and actuate as designed to successfully grasp the 

part. 

4.2. Identifying Positioning Degradation Modes in the 

NIST Use Case 

A variety of positioning degradation modes are identified 

within the NIST use case. Degradation modes are identified 

for the components of the kinematic chain as well as the 

interactions between components. Starting at the world frame 

and examining the kinematic chain of Figure 4, moving left 

to right, modes are identified. Table 1 summarizes the 
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identified degradation modes. The modes internal to 

components, including robot wear, gripper wear, bad parts, 

and fixture wear are expressed as between the LHS and RHS 

of their respective components. The connection is assumed as 

the only failure mode between two links that are permanently 

fixed to one another and other modes are considered as part 

of the components. For the intermittent interactions between 

the part and the gripper, and the part and the fixture, any of 

the components can contribute to positioning error leading to 

multiple modes listed.  

Table 1. Use case relationships table. 

Kinematic Chain Section 
Degradation 

Mode(s)  

World Frame ][ Robot Base Loose Connection 

[Robot Base, ROBOT, Robot Tool 

Flange] 
Robot Wear 

Robot Tool Flange ][ Gripper Mounting Loose Connection 

[Gripper Mounting, GRIPPER, Gripper 

Fingers] 
Gripper Wear 

Gripper Fingers )( Part Geometry 
Gripper Wear, 

Bad Part* 

[ PART ] Bad Part* 

Part Geometry )( Fixture Geometry 
Bad Part*,  

Bad Fixture** 

[Fixture Geometry, Fixture, Fixture 

Mounting] 
Bad Fixture** 

Fixture Mounting ][ World Frame Loose Connection 

*From either part inaccuracy or damage 

**From either fixture positioning inaccuracy or fixture wear/damage 

4.3. Selection of Key Measurement Points to Identify 

Points / Areas of Degradation and Inspection 

Method 

Discrete points along the kinematic chain can be selected for 

inspection to detect positioning deviations from nominal or 

verify nominal positioning. These key measurement points 

need to be tested in one or more degrees of freedom to 

determine if they can be positioned within designed limits. 

Each point should be chosen to provide information on the 

source of a positioning error when measured in a specific 

order. As discussed in Section 3, a good starting point in a 

LHS-referenced kinematic chain is the RHS of each link in 

the chain. Inspecting the RHS of each link will provide 

insight into the repeatability of each component. However, if 

a component such as an end effector is actuated, it may be 

beneficial to inspect both the RHS and another point earlier 

in the kinematic chain. Inspecting before an actuation point 

of a particular component, the source of repeatability 

degradation can be isolated to within the component or to the 

connection between the component and the preceding 

component. Additionally, an actuated component can be 

inspected in multiple configurations or states to provide 

further isolation of degradation. 

4.4. Selection of Key Measurement Points in the NIST 

Use Case 

Applying this methodology to the NIST use case, the key 

points to be selected should be the robot tool flange, gripper 

fingers, and part geometry because they are the RHS of the 

components of the chain. Because the fixture link is directly 

connected to the world frame on its RHS, the LHS of the 

fixture link, fixture geometry, should be selected as a key 

point. Examining the gripper further, it is actuated and can 

have multiple states (i.e., open, gripping a part, closed) 

throughout its operations and can be inspected in more places 

than only the RHS. By selecting the gripper body as a key 

point before the finger actuation in the chain, the gripper 

mounting can be tested independently of the finger actuation. 

Likewise, testing the fingers in both an open and closed state, 

the operation and positioning of the gripper fingers can be 

tested independently of the gripper mounting. To test the part 

geometry, the system must grasp an ideal part so the part 

position can be tested in-situ. To test the fixture geometry, a 

sensor can be mounted to or embedded in the fixture. These 

points are represented in Figure 7. 

 

Figure 7. Use case key measurement point selection graphic. 

 

Appropriate tolerancing or analysis thresholding can then be 

chosen for the pass / fail classification of each of the key 

points selected. Given the tolerance and monitoring 

requirements of the use case, appropriate sensors can be 

chosen. The key points can be tested in a sequence following 

the kinematic chain, left-to-right, once the sensors are 

integrated. The feedback from testing allows a series of 

binary decisions to be made to identify degraded components. 

Decision trees and testing criteria will be dependent on the 

use case. The decision tree and testing flow for the NIST use 

case can be seen in Figure 8. This series of tests can be 

performed at any interval and records kept, aiding in the 

tracking of degradations and predicting future degradation. If 

the tests are done in the prescribed order, according to Figure 

8, a failed test will automatically indicate where, in the 

kinematic chain, a degradation is originating, providing a 

target component to repair or replace. After a failure of a test 

point, all points tested further along the kinematic chain will 

be unreliable without a full understanding of the cause of the 

failed test.  
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Figure 8. Binary decision tree to identify degraded 

component. 

 

5. FUTURE WORK 

Measuring or testing the selected key points along the 

kinematic chain can be done in many ways. Regardless of the 

specific details, there will be a sensor and a target, which the 

sensor measures. Measurements can be made through 

physical contact, visual imaging, or another type of 

measurement technology. The key characteristic of the sensor 

used for the kinematic inspection method outlined is that the 

sensor outputs information on the position of a specific point 

or object. Future work includes the assessment of 

measurement methods and sensors for examining robot 

workcell kinematic chains. This work will involve 

understanding the implications of using discrete and analog 

sensing methods, data collection strategies, and prognostic 

implications. This work will be done in parallel with the 

implementation of the discussed method on the NIST use 

case with commercially available and/or purpose-built 

sensors.  

6. CONCLUSION 

This paper presents a method to document kinematic chains 

within a robot workcell enabling the selection of key 

measurement points for testing to gain intelligence on 

workcell health. Testing of key measurement points along the 

kinematic chain can provide intelligence on the degradation 

of positioning of components. By choosing the measurement 

points with the help of a degradation mode analysis, a test or 

series of tests can be designed to identify the degraded 

component(s) which are potentially degrading the workcell’s 

process. Initial efforts in this research are very promising 

where next steps are currently in process. This includes the 

development of a novel sensor to pair with the kinematic 

chain methodology to meet the effort’s goals of providing a 

low-cost, minimally invasive means to identify degradations 

within the kinematic chain. Preliminary data sets will be 

captured upon integration of the novel sensor with the 

kinematic chain testing methodology. These initial data sets 

will offer critical insight as to the practical feasibility of 

kinematic chain methodology and the deployment/usage of 

the novel sensor.  

NIST DISCLAIMER 

The views and opinions expressed herein do not necessarily 

state or reflect those of NIST. Certain commercial entities, 

equipment, or materials may be identified in this document to 

illustrate a point or concept. Such identification is not 

intended to imply recommendation or endorsement by NIST, 

nor is it intended to imply that the entities, materials, or 

equipment are necessarily the best available for the purpose. 
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