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Figure 4.3: Layout of the Reflective Markers Used to Identify Kinematic Segments 

Silhouette Images Taken from: http://clipart-library.com 

 
 
4.9 Experimental Process 

IRB approval was obtained before the study began and all subjects provided informed consent. 

The criteria for experimental subjects were to be 19 to 30 years old, with no history of heart 

disease, stroke or breathing disorder that prevented exercise, and no medical history or injury to 

their back, shoulders, arms or hands that would prevent rapid movement. The experiment was 

conducted using thirty (30) male and thirty (30) female subjects. The male subjects ranged in age 
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from 20 to 29 years with an average age of 24 years old; the female subjects ranged in age from 

19 to 30 years with an average age of 23.5 years old. 

 

On the day of the trials, the subjects were interviewed (to insure they met the requirements of the 

study), they reviewed the experimental procedure, and signed a voluntary consent form. After 

signing the consent, the subject’s measurements were taken (height and length measurements of 

their arms, legs, and arm reach). Vicon reflective markers were then placed on the subject’s 

shoulder, elbow, wrist, and fingertips (Figure 4.3). 

 

 

Figure 4.4: Layout of the Five (5) Start Locations and Three (3) Target Locations 

Silhouette Images Taken from: http://clipart-library.com 
 

For each subject the researcher gathered hand speed data from five (5) different start locations to 

three (3) target locations for their dominate (right) and non-dominate (left) hand (Figure 4.4). 

The subjects repeated each movement from start position to target three (3) times. The initial 

hand start position was set using a goniometer to establish the correct arm angle. A marker (hung 

from the ceiling) was set at the subject’s wrist to provide an origin for the initial trial and a 

reference starting point for the second and third trial. The subjects finger tips were chalked so 
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that they left a witness mark on the over-reach target after each touch. A research associate 

confirmed a hit by observing the witness mark. Trials in which the subject did not touch the 

over-reach target were rejected. The trial was repeated until three consecutive hits were recorded.  

 

The experiment was a split plot design employing a restricted randomization. The sequence of 

target heights (low, mid or high) and hand (right or left) was set using a six by six Latin square. 

Once a target height or hand was selected, all five start position trials were run. The order of start 

positions (arm angle 0°, 45°, 90°, 135°, and 180°) was randomized and were set using a five by 

five Latin square. Male subjects were tested in one block (subjects 1-30) and females were tested 

in a second block (subjects 31-60). Only right hand dominant subjects were used in the 

experiment. 

 

To begin the experiment, the subject was assigned a start position, hand, and target position 

based on the randomization plan and asked to practice the movement until they felt comfortable 

with it. Subjects were allowed to control the distance they stood from the after-reach target. They 

were instructed to stand at a distance from the test stand that would allow them to achieve their 

maximum hand speed when they reached for the target. Once the subject had practiced the 

movement, they were given a “one-two-three-go” signal and asked to make a rapid hand 

movement from the starting position to the target position. The movement was repeated three 

times. After completing the three trials, the researcher explained the next start position, the 

subject was allowed to practice, and the next trial was performed. 
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4.10 Results of the Experiment 
 
The experiment consisted of thirty elements (reaching from five start positions, to three target 

heights with two different hands) for each subject. The subject was asked to repeat each trial 

three (3) times which generated 5,400 experimental trials for the sixty (60) subjects.  Each trial 

generated a set of Vicon data which contained position data and a frame count. The Vicon 

capture rate was set at 120 frames/second. A Python program (Version 2.7) was used to extract 

the average velocity of the movement of the fingertip reflector over the path traveled from the 

start position to the target based on a selected start point and end point. The hand speed was 

assumed to be the velocity of the fingertip reflector during the motion.  

 

To aid in data handling, each set of three trials was averaged for each subject. All calculations 

were based on the average value of the three trials for each subject. The mean calculated for each 

hand and target position (segregated by gender) is shown in Table 4.1. 

 

Table 4.1: Average Hand Speed by Gender, Target Position, Hand, & Start Position 

 

Target	Postion Hand Start	Position Arm	Angle N
Avg	Hand	Speed	

(m/s)
Std	Dev	
(m/s) Target	Postion Hand Start	Position Arm	Angle N

Avg	Hand	Speed	
(m/s)

Std	Dev	
(m/s)

1 0 28 1.66 0.39 1 0 28 1.83 0.51
2 45 30 2.64 0.49 2 45 30 2.48 0.64
3 90 30 3.12 0.54 3 90 29 2.81 0.68
4 135 28 3.14 0.43 4 135 30 2.83 0.57
5 180 30 3.18 0.62 5 180 28 2.63 0.62

1 0 29 2.07 0.38 1 0 29 2.09 0.50
2 45 30 2.68 0.43 2 45 30 2.58 0.67
3 90 30 3.00 0.50 3 90 30 2.70 0.56
4 135 30 3.11 0.52 4 135 29 2.80 0.63
5 180 29 3.06 0.54 5 180 30 2.78 0.59

1 0 30 2.29 0.44 1 0 28 2.42 0.51
2 45 28 2.70 0.49 2 45 29 2.46 0.51
3 90 29 2.91 0.48 3 90 30 2.80 0.63
4 135 30 2.95 0.65 4 135 30 2.49 0.75
5 180 30 3.03 0.49 5 180 30 2.68 0.63

1 0 29 1.93 0.45 1 0 30 1.90 0.50
2 45 27 2.67 0.45 2 45 30 2.57 0.60
3 90 27 2.97 0.45 3 90 30 2.82 0.65
4 135 30 3.21 0.48 4 135 29 2.99 0.81
5 180 26 3.30 0.42 5 180 29 2.88 0.60

1 0 30 2.17 0.46 1 0 29 2.20 0.62
2 45 30 2.74 0.48 2 45 30 2.65 0.58
3 90 29 3.05 0.46 3 90 30 2.74 0.66
4 135 30 3.10 0.54 4 135 30 2.89 0.78
5 180 28 3.24 0.54 5 180 30 2.77 0.67

1 0 30 2.47 0.49 1 0 30 2.42 0.57
2 45 28 2.76 0.57 2 45 29 2.68 0.57
3 90 30 2.95 0.53 3 90 29 2.74 0.63
4 135 28 3.02 0.53 4 135 30 2.77 0.67
5 180 28 3.05 0.56 5 180 30 2.66 0.58
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To analyze the data, a split plot ANOVA was developed using Statistx 8.0. Two ANOVAs were 

generated, one that analyzed the dominate (right) hand and one that analyzed the non-dominate 

(left) hand (Table 4.2). The ANOVAs analyzed the average hand speed data with gender as a 

between subject variable and hand (left or right), start position, target position as a within subject 

variable.  

 

The ANOVAs for the dominate and non-dominate hands compared the means of male and 

female hand speed from all positions (H0= means are equal) found no significant difference 

between males and females (failed to reject H0, at pvalue=0.1012 and  0.0538) for this study. The 

ANOVA compared the mean of hand speed (H0= means are equal) against the three target 

positions and found no significant difference between low, mid, high positions for either the 

dominate or non-dominate hands (failed to reject H0, at pvalue=0.3789 and 0.2831). Neither 

ANOVA found a significant interaction between Gender by Target-Position. 

 

Table 4.2: ANOVA for Dominate and Non-Dominate, Average Hand Speed vs Gender, Target 

Position, & Start Position 

 

DF Sum	Squares Mean	Squares F P DF Sum	Squares Mean	Squares F P

Subject	(Hand	Speed	m/s) 29 93.3672 3.2196 29 90.5959 3.1240
Gender 1 8.076 8.0761 2.86 0.1021 1 9.5287 9.5287 4.04 0.0538
Error:	Subject*Gender 29 81.7487 2.8189 29 68.3669 2.3575
Target	Position 2 0.3118 0.1559 0.98 0.3789 2 0.4562 0.2281 1.28 0.2831
Gender	*	Target	Position 2 0.0376 0.0188 0.12 0.8888 2 0.0596 0.0298 0.17 0.8466
Error:	Subject*Gender	*	Target	Position 116 18.4811 0.1593 116 20.7397 0.1788
Start	Position 4 80.7218 20.1805 169.82 0.0000 4 90.2225 22.5556 185.11 0.0000
Gender	*	Start	Position 4 4.5081 1.1270 9.48 0.0000 4 6.8085 1.7021 6.14 0.0001
Target	Position	*	Start	Position 8 11.2013 1.4002 11.78 0.0000 8 13.5083 1.6885 12.34 0.0000
Gender	*	Target	Position	*	Start	Position 8 0.3115 0.0389 0.33 0.9555 8 1.513 0.1891 1.45 0.1718
Error:	Subject*Gender	*	Target	Position	*	Start	Position 671 79.7362 0.1188 677 77.6421 0.1147
Total 874 880

Avg	Hands	Speed	vs	Gender,	Target	Position,	Start	Position

Dominate	(Right)	Hand Non-Dominate	(Left)	Hand

Avg	Hands	Speed	vs	Gender,	Target	Position,	Start	Position
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The ANOVA compared the mean of hand speed (H0= means are equal) against the five start-

positions and found a significant difference between the start-positions for both the dominate and 

non-dominate hands (reject H0, at pvalue >0.0000 for both hands) for this study. The ANOVA also 

found a significant interaction between Gender * Start-Position and Target-Position * Start 

Position (reject H0, pvalue, <0.0000 for all) for this study. The ANOVA found no significant 

interaction between Gender by Target-Position by Start-Position.  

 

The interaction between Gender by Start-Position and Target-Position by Start Position can be 

evaluated using interaction plots.  

 

 

Figure 4.5: Interaction Plot of Mean Hand Speed for  

Gender by Start-Position 

 

Figure 4.5 shows the interaction between Gender by Start Position. In general, the plot shows 

that hand speed increases as Start Position (SP) increases. Velocity increases rapidly from SP 1 

(arm angle 0°, arm below the waist) to SP 2 (arm angle 45°, arm near waist level). It continues to 

increase from SP 3 to 5 (arm angle 90° to 180°, arm above waist level) although the rate of 

Summary	of	Start	
Positions
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increase slows past SP 3. The rate of change is not as pronounced among female subjects. This 

interaction is believed to be caused by the changes in arm angle, which allows subjects to better 

utilize muscles in their back and shoulders for motion as the arm start position moves above their 

waist. Past research has found that males generate faster hand speed than females (Davies & 

Mebarki, 1983). This is due to their higher muscularity. As arm angle increases males are better 

able to apply their back and shoulder muscle capacity to the over-reach task. 

 

 

Figure 4.6: Interaction Plot of Mean Hand Speed for  

Target Position by Start Position 

 

Figure 4.6 shows the interaction between Target Position by Start Position. In general, the plot 

shows that hand speed increases as arm angle increases. Speed increases rapidly from SP 1 (arm 

angle 0°, arm below the waist) to SP 2 (arm angle 45°, arm near waist level). It continues to 

increase from SP 3 to 5 (arm angle 90° to 180°, arm above waist level) although the rate of 

increase slows past SP 3. As previously discussed, this interaction is at least partially explained 

by the changes in arm angle, which allow subjects to better utilize muscles in their back and 

shoulders for motion as the arm start position moves above their waist. The interaction with the 

Summary	of	Start	
Positions
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target position is believed to be caused by the changes in distance the subjects experience as start 

position moves from below the waist to above the waist. An over-reach movement is a ballistic 

movement, with a rapid acceleration and deceleration phase at the start and finish of the 

movement, with an extended period of movement toward the target at the subject maximal hand 

speed (Prasad, Kellokumpu, & Davis, 2006). The longer the ballistic movement the higher the 

average hand speed since the subject spends longer at maximum velocity (Jensen, 1989). When 

the subjects arm angle is at  0° (SP 1, below waist level) the longest reach is Target Position 3 

(high target), which has the highest over-reach velocity of the three targets. When the subjects 

arm angle is at  45° (SP 2, waist level) the targets are at nearly the same distance so there is no 

major difference in hand speed. As the subject start position moves to 90°, 135°, and 180° (SP 3, 

4, & 5), Target Position 2 (mid target) and 3 (high target) becomes the closest target with Target 

1 the furthest away. The average hand speed to Target Position 1 becomes the larger value and 

the speeds to Target Position 2 and 3 decreasing relative to Target Position 1. 

 

4.11 Discussion of Results 

This study was conducted with the intent of developing a normal distribution of the sample and 

estimating the hand speed of the 95th percentile for both the male and the female populations. 

Typically standards are set to protect 95% of the working population as a compromise between 

“protection and practicality” since the cost of protecting 100% of the population can be very high 

(Jensen, 2017).    

 

The maximum hand speeds measured in this study occurred at SP=4 (arm angle 135°) for both 

males and females. In a well-designed process, part handling should occur in a neutral arm 
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position so the operators hands should be close to waist level (SP=2, arm angle 45°) and at worst 

case shoulder level (SP=3, arm angle=90°). An estimate of the 95th percentile for these positions 

is shown in Table 4.3. 

 

Table 4.3: Estimated Hand Speed Dominate and Non-Dominate Hand for Male and Female 

Subjects (Target Position Data Pooled) 

 

Population		
Percentage	

Dominate	Hand,			
SP-2		

Hand	Speed	(m/s)	

Dominate	Hand,			
SP-3	

Hand	Speed	(m/s)	

Non-Dominate	Hand,		
SP-2			

Hand	Speed	(m/s)	

Non-Dominate	Hand,		
SP-3	

Hand	Speed	(m/s)	

		 Male	 Female	 Male	 Female	 Male	 Female	 Male	 Female	
10th		 2.08	 1.89	 2.38	 1.94	 2.08	 1.72	 2.36	 1.98	
20th		 2.30	 2.14	 2.59	 2.23	 2.28	 1.99	 2.58	 2.25	
30th		 2.46	 2.33	 2.74	 2.43	 2.43	 2.18	 2.74	 2.44	
40th		 2.60	 2.48	 2.87	 2.60	 2.55	 2.35	 2.88	 2.61	
50th		 2.72	 2.63	 2.99	 2.76	 2.67	 2.50	 3.01	 2.77	
60th		 2.85	 2.78	 3.11	 2.93	 2.79	 2.66	 3.14	 2.92	
70th		 2.98	 2.93	 3.24	 3.10	 2.92	 2.82	 3.28	 3.09	
80th		 3.14	 3.12	 3.39	 3.30	 3.06	 3.02	 3.44	 3.29	
90th		 3.36	 3.37	 3.60	 3.58	 3.27	 3.28	 3.66	 3.56	
95th		 3.55	 3.58	 3.77	 3.82	 3.44	 3.51	 3.85	 3.79	
100th		 4.53	 4.73	 4.72	 5.08	 4.36	 4.71	 4.85	 5.00	

 

A plot of Average Hand Speed versus Start Position Dominant and Non-Dominant Hand (Figure 

4.7) compares the results of this study with the OSHA and ISO hand speed constant. Based on 

the 95th  percentile for the sample group, the current OSHA hand speed constant of 1.6 m/s is not 

protective of this population under the conditions of this study. The hand speed constant 

recommended by ISO 13855 (2.0 m/s) is protective for approximately 10% of this population 

under the conditions of this study (ISO, 2010). 
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Figure 4.7: Start Position Versus Average Hand Speed Dominate and Non-Dominate Hand 

(Gender and Target Position Data Pooled) 

 

4.12 Conclusions 

Operator over-reach speed on power presses and PSD applications is a complex issue. This 

experiment was conducted with thirty (30) male and thirty (30) female subjects with the intent of 

developing a normal distribution of the sample and estimating the hand speed of the 95th 

percentile for both the male and the female population. The study found that a hand speed 

constant between 3.5 m/s to 3.9 m/s would protect 95% of a population age 20-30 years old.  

The current OSHA hand speed constant of 1.6 m/s is not protective of this population under the 

conditions of this study. The hand speed constant recommended by ISO 13855 (2.0 m/s) is 

protective of 10-15% of this population under the conditions of this study.  

 

OSHA should consider revising its hand speed constant and affected standards to better protect 

young workers from known and prevalent guarding hazards.  
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Chapter 6 

Conclusions 

 

 

6.1 Summary of Findings 

This research focused on after-reach and over-reach in automated systems. The first after-reach 

hand-speed study was performed by Oskar Löbl in 1935. The hand-speed Löbl proposed, 1.6 m/s 

based on a hand start position at a set of horizontal levers to the target in a simulated press, 

entered the US safety regulations in 1974. The application of this hand speed constant was an 

attempt by the Occupational Safety and Health Administration (OSHA) to improve point-of-

operation safe guarding on power presses. OSHA applied the 1.6 m/s constant to calculating the 

safe distance on dual palm buttons (without restriction on position or geometry) and presence 

sensing devices (light curtains, safety mats, and so forth). The 1.6 m/s value was later adopted by 

ANSI and RIA for point-of-operation safeguarding on robot/automated systems. Several studies 

have found hand-speed values that exceed the 1.6 m/s value used in the US safety regulations.  

 

The first experiment presented in this dissertation focused on measuring the after-reach speed on 

a simulated press with “young” workers. Young operators (age 20-30) generate the fastest hand-

speed so an after-reach constant based on the 95th percentile of this group would be protective for 
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the entire worker population.  The second part of the dissertation focused on over-reach speeds 

generated in a simulated automated system with unconstrained hand start position (no dual palm 

buttons). The final experiment focused on determining the accuracy of Inertial Measurement 

Units (IMUs) for ballistic hand-speed measurement. An IMU system, designed for hand-speed 

capture, could be used for measuring after-reach speed in the factory.  

 

The results of the research can be summarized as follows: 

1) For the simulated press experiment, the 95th percentile hand-speed from the lower button 

was 1.51 m/s (OSHA hand speed constant protective for > 95% of those tested). The 95th 

percentile hand speed from the upper buttons was 2.83 m/s (OSHA hand speed constant 

protective for < 10% of those tested).  

2) The study found that the hand speed between the UB and LB positions are significantly 

different, which implies that the use of a single hand speed constant for both locations is 

inappropriate. The difference in speed appears to be caused by the ergonomic hurdle of 

disengaging from the supinated wrist position required to use a vertically mounted LB 

dual palm button (which prevents ballistic movement). The movement from a vertically 

mounted UB is a ballistic movement. 

3) Operator over-reach in PSD applications is complex. The study found that a hand speed 

constant between 3.5 m/s to 3.9 m/s would protect 95% of a population age 20-30 years 

old in an over-reach situation with unconstrained hand position (no dual palm button). In 

general, over-reach speed increases as arm angle increases. This increase is at least 

partially explained by the changes in arm position, which allow subjects to better utilize 
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muscles in their back and shoulders for motion as the arm start position moves above 

their waist. 

 

4) A Bland-Altman comparison of the speed measured by Vicon (optical motion capture) 

and Xsens (IMU motion capture) demonstrated a general agreement (average bias 0.19 

m/s) between the two technologies. In a Bland-Altman analysis if the methods “agree” 

then they are interchangeable and either can be used without a significant loss of 

accuracy. Based on this analysis, an IMU based system could be a viable option for 

measuring after-reach speed on the factory floor in the future. 

 

6.2 Limitation of the Study 

1) This was a laboratory-based experiment conducted under environmentally controlled 

conditions with subjects that were not fatigued from a day’s work. Hand speed 

performance may decrease due to work conditions (thermal stress, poor lighting, etc.) or 

worker fatigue. 

2) The subjects used for these experiments were not press operators. The hand-speed 

performance of experienced machine operators may be significantly different from 

unskilled test subjects. 

3) The experiments were performed on fixtures without moving parts which were padded to 

prevent injury. The performance of operators on equipment with moving rams, sharp 

edges, pinch points, and so forth may be significantly different from that of test subjects 

who face no risk of injury in performing the after-reach/over-reach tasks. 
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4) IMU drift has been associated with magnetic interference. The testing of the IMU system 

was conducted on a wooden fixture to minimize ferromagnetic interference. IMU 

performance may degrade in an environment with significant ferromagnetic and 

electromagnetic inference like that found on the factory floor. 

  

6.3 Recommendations for Future Research 

1) The over-reach test fixture was based on the target’s height used in traditional after-reach 

studies. A bench marking study of industrial robot/automated cells may find work 

heights, start positions, and target heights more representative of equipment used in 

industry. Since over-reach speed is driven by start position, this position/geometry should 

be tested to provide a complete picture of over-reach speed. 

2) The frequency of over-reach accidents in industrial robot/automated cells is not known. 

An examination of robot/automation accidents due to over-reach errors would help to 

clarify the risk associated with over-reach accidents.  

3) ANSI/RIA R15.06-2012 includes provisions for robot and humans to work in a shared 

(collaborative) space. The impact on collaborative robot design of hand speeds faster than 

those contained in the standards has not been investigated and could be an important area 

for future safety research.  

4) Investigation of the performance of IMU based systems operating in areas with 

significant ferromagnetic and electromagnetic inference will be required before this 

technology could be applied in industry. 

5) The use of an Xsens system for after-reach/over-reach measure seems impractical. The 

computation intensity required to manipulate the Xsens data is likely too complex and 
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time consuming for safety practitioners who are busy with day-to-day plant activities. 

The development of a simple IMU system, designed specifically for hand speed capture, 

could be a viable option for measuring after-reach speed. 
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