MVC was normalized for each subject with respect to pre-MVC recorded at the beginning of each
session; MPF was normalized with respect to that for the first work bout. For COV, RMS, and
NMPF the middle 20 seconds of each 30 second exertion portion were selected. This was done
to exclude any possible overshoot that may have occurred during the first and last five seconds
in force transition phase. While data was collected from 12 subjects, analysis was conducted for
10 subjects (6M,4F) due to technical problems observed in the data collected from two female

subjects.

Repeated measures ANOVAs were performed to examine influence of condition, gender, time,
and their interaction effects on the response variables. Participants’ ID was given as a random
attribute in the analysis model and was nested with gender. Since three-factor interactions were
not significant they were excluded from the final analysis. Upon analyses, post-hoc comparisons
were conducted for all significant factors using Tukey’s honest significant difference (HSD) test to
assess differences between levels of factors. All data analysis was completed using Matlab and
statistical analysis was performed in JMP Pro 13 (SAS Institute Inc., Cary, NC). A p-value of less
than 0.05 (p < 0.05) was used for statistical significance. No substantial violations of non-

parametric assumptions were observed unless mentioned otherwise.

C. Results

A summary of statistical results for all response variables is presented in Table 2. A detailed

description of results for each of the response variables is described below.

C.1. Subjective Measures

C.1.1. Ratings of Perceived Discomfort (RPD)

For RPD the factors that showed a significant statistical influence were time, condition, and

gender x condition interaction effect (p-values < 0.0263). There was a notable increase in RPD

26



over time throughout the 1-hour period with an overall increase rate of 0.031/min. For gender and
condition interaction, females had the lowest rating (mean) of 1.08 for CRC7 and the highest
(mean) of 1.79 for CRC3, which was 66% higher than CRC7. However, for males the lowest rating
(mean) was for CRC3 (1.26) and the highest was for RC3 (2.14) which was 70% higher than
CRC3. Condition wise the highest rate of increase was observed for RC3 for which RPD increased
at a rate of 0.039/min, whereas the lowest rate of increase was for CRC7, for which RPD
increased at a rate of 0.025/min. Furthermore, CRC7 also had the lowest mean value of 1.375

which differed significantly from RC3 which had the highest mean value of 1.809 (Fig. 6).

However, the non-parametric model assumptions for residuals were not strictly followed for RPD
and hence although it is a subjective measure, it is advised to take caution while interpreting the

results of the RPD.
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Figure 6: Ratings of perceived discomfort (RPD) for both genders over time and
condition. The error bars represent standard deviation. The conditions are:
passive rest, concurrent reverse counting in steps of 3 (CRC3), concurrent
reverse counting in steps of 7 (CRC7), and reverse counting in steps of 3 during
breaks (RC3). Conditions not represented by the same symbol are significantly
different.
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C.1.2. National Aeronautics and Space Administration-Task Load Index (NASA-

TLX)
For NASA-TLX, condition proved to be a significant factor for physical demand, mental demand
as well as for overall score, numbers counted, and errors made (p-values < 0.0138). For physical
demand, control condition had the highest mean value of 55.6 which differed significantly from
CRCY7 (32) which was the second lowest and CRC3 (30) which was the lowest. In case of mental
demand, control condition had the lowest mean value of 20.88 and differed significantly from the
rest of the conditions with CRC7 being the highest with a mean value of 73.95. The overall score
was lowest for control condition (49.14) and differed significantly from CRC7 which was the

highest with a mean value of 64.61.
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Figure 7: Influence of the four experimental conditions on physical and mental demands and
overall score. The error bars represent standard deviation. The conditions are: passive rest,
concurrent reverse counting in steps of 3 (CRC3), concurrent reverse counting in steps of 7
(CRC7), and reverse counting in steps of 3 during breaks (RC3). Conditions not represented
by the same symbol are significantly different.

Furthermore, CRC7 also had the lowest numbers counted with a mean of 13.12 and differed
significantly from CRC3 (22.79) and RC3 (23.19). In terms of errors made, CRC7 was the highest
with a mean of 0.227 wrong numbers throughout the entire 1-hour session and differed
significantly from CRC3 which had a mean of 0.127 wrong numbers and RC3 had a mean value

of 0.0586 wrong numbers (Fig. 7).
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C.2. Objective Measures

C.2.1. Coefficient of Variation (COV)

For COV the significant factors were time, condition, gender x condition interaction and gender x
time interaction (p-values < 0.0034). COV showed a significant increase with time with an overall
increase rate of 0.00007/min. However, this increase was different for the two genders with time
and conditions. The rate of increase for males (0.0001/min) was three times that for females which
was 0.00003/min. In addition to that, for females, force fluctuations for CRC7 were the lowest with
a mean value of 0.0157. CRC7 was significantly different from CRC3 which had the highest mean
value of 0.0199 and RC3 which had a mean value of 0.0186. In case of males, it was CRC3 which
was showed the lowest mean value of 0.0169 and differed significantly from RC3 which had the

highest mean value of 0.0209 (Fig.8).
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Figure 8: Influence of time, gender, condition, and two-factor interactions of
gender with time and condition on force fluctuations. The error bars represent
standard deviation. The conditions are: passive rest, concurrent reverse counting
in steps of 3 (CRC3), concurrent reverse counting in steps of 7 (CRC7), and reverse
counting in steps of 3 during breaks (RC3). Conditions not represented by the

same symbol are significantly different.
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C.2.2. Maximum Voluntary Contraction (MVC)

MVC was normalized for each subject with respect to the pre-MVC recorded at the beginning of
each session. It was observed that normalized MVC kept decreasing over time with an overall
rate of decline of 0.168%/min. However, this decline was different among all conditions. MVC was
the highest for CRC3 (92.71%) and was significantly different from control condition which was
the lowest (89.18%). In addition to that, the rate of decline for control condition was 0.198%/min
which was 44.5% higher than the rate of decline for CR3 which was 0.137%/min. Although, gender
did not have any significant influence on change in MVC and neither did the gender x time and

gender x condition interactions (p-values = 0.70) (Fig.9).
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Figure 9: Influence of time and condition on normalized MVC. The error bars represent
standard deviation. The conditions are: passive rest, concurrent reverse counting in
steps of 3 (CRC3), concurrent reverse counting in steps of 7 (CRC7), and reverse
counting in steps of 3 during breaks (RC3). Conditions not represented by the same
symbol are significantly different.

C.2.3. Root Mean Square (RMS)

Time, condition and gender x condition interaction proved to be significant factors for RMS (p-
values < 0.0007). The overall rate of increase for RMS was 0.00068 volts/min. However, the rate

of increase differed between conditions. Control condition had a mean RMS of 0.244 volts which
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was the highest whereas RMS was lowest for CRC3 with a mean value of 0.184 volts. For
difference in conditions with respect to gender, there was no significant difference among
conditions for females, whereas for males CRC3 which showed the lowest mean value of 0.145
volts was significantly different from the rest of the conditions with CRC7 showing the highest

mean value of 0.243 volts (Fig.10).
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Figure 10: Influence of time, condition and gender and condition interaction on RMS. The
conditions are: passive rest, concurrent reverse counting in steps of 3 (CRC3), concurrent
reverse counting in steps of 7 (CRC7), and reverse counting in steps of 3 during breaks
(RC3). Conditions not represented by the same symbol are significantly different.

C.2.4. Normalized Median Power Frequency (nMPF)

None of the factors had any statistically significant main effect on change in nMPF (p-values >
0.09). The nMPF kept increasing till 20 minutes and then showed a declining trend. The overall
rate of decline in nMPF was 0.02%/minute. Although, gender x condition interaction showed to
be significant (p-value 0.0419). For males, passive rest showed the lowest mean value of 98.3%,
while RC3 showed the highest mean value of 102%. In case of females, RC3 showed the lowest
mean value of 100% and CRC7 showed the highest mean value of 103%. Although, not all
assumptions for non-parametric model were met for this analysis and hence it is advised to

proceed with caution while interpreting nMPF results.
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C.3. Summary of statistical analysis and the correlation matrix

A brief summary table for each of the response variables and the factors along with their p-values

is shown in Table 2 below.

Table 2: Summary of statistical analysis for each of the response variables with p values
of condition (C), gender(G), time (T), gender*time interaction (G*T) and gender*condition
interaction (G*C). P-values for NASA- TLX are shown for mental demand (MD), physical

demand (PD) and overall score (Overall).

RPD MVC Ccov nMPF NASA-TLX
MD PD Overall
C 0.0794 0.0036 <0.0001 <0.0001 0.5742 <0.0001 0.0138 0.0095
G 0.4010 0.5540 0.7234 0.9555 0.5251 0.9137  0.2887
T <0.0001 <0.0001 <0.0001 0.0007 0.0904
G*T  0.9997 0.6281 0.0034 0.4642
G*C <0.0001 0.6416 <0.0001 0.0007 0.0419 0.3732 0.9679  0.6271

Hence, from the above table it can be seen which factors proved to be statistically significant. The

difference between levels of significant factors was analyzed using post-hoc analysis (Tukey’s

HSD test) and significant differences are shown in previous graphs.

In addition, the correlation between different response variables can be seen in Fig. (11) and

Table 3 below. The highest correlation (0.2368) was observed between COV and RMS, whereas

negative correlations were seen between RPD and MVC (-0.3437), RPD and nMPF (-0.1034),

COV and MVC (-0.0044), and MVC and nMPF (-0.0090).

32



0.03
0.025
0.02
0.015
0.01

m 4

00150025 0123456 0.15 03 75 B85 95 90 110130

nhAPF

Figure 11: Correlation scatterplot matrix of COV, RPD, RMS, MVC, and nMPF for all four
experimental conditions and all subjects.

Table 3: Correlation among COV, RPD, RMS, MVC, and nMPF for all subjects

cov RPD RMS Mvc nMPF
cov 1.0000 0.1546 0.2368 -0.0044 0.0333
RPD 0.1546 1.0000 0.1350 -0.3437 -0.1034
RMS 0.2368 0.1350 1.0000 -0.1052 0.0873
Mvc -0.0044 -0.3437 -0.1052 1.0000 -0.0090
nMPF 0.0333 -0.1034 0.0873 -0.0090 1.0000
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D. DISCUSSION

This study was aimed at understanding the influence of varying levels of cognitive demands on
fatigue development and recovery for a simple biomechanical system with a time period and
physical demand relevant to the occupational settings. In addition to that the study analyzed
changes in body responses for both genders in terms of task performance, perceived demands,
muscle activity and decline of the FDI voluntary contraction capacity. Both subjective and
objective measures showed a notable influence of different levels of cognitive demands on body

responses for subjects.

D.1. Cognitive demand during breaks

For added mental demand in periods of rest (RC3), it was seen that overall force fluctuations were
highest (0.02) indicating an adverse effect on performance of physical task immediately following
periods of rest. Meanwhile, RPD were also highest for RC3 (2.22) indicating an increased
perceived discomfort for alternating mental and physical demands. However, MVC showed a
better recovery as compared to that for control condition and higher mental demand (CRC7). MVC
was second highest (90.6%) after CRC3 (92.4%) and did not differ significantly. RMS was also
lower for RC3 compared to control condition indicating lower muscle activity. Eventually, MPF
also showed higher value (101%) as compared to that for passive rest (100%) indicating less

fatigue in presence of conditions with added cognitive demands (Fig.12).

These findings are consistent with previous studies that observed an improved recovery in
presence of mental task during breaks as compared to passive rest. Asmussen and Mazin (1978)
in their study involving rhythmic lifting with elbow or middle finger flexors observed increased
amount of work sustained after breaks with problem solving tasks. Similarly, Stock et al., (2011)
in their study of isometric exertions of leg extensors found no reduction in initial peak torque during

breaks with a mental task as opposed to breaks with passive rest that showed a decline in the

34



initial torque. In a separate study by Mathiassen et al., (2014), enhanced muscle fatigue recovery

of the upper trapezius muscle was seen during intermediate breaks with memory task as well as

1-hour after the session. Moreover, the post-session recovery differed with changes in difficulty

of the memory task. Furthermore, Mathiassen et al., (2014) observed that ratings of perceived

fatigue increased constantly over time, and showed recovery during breaks. However, in their

study after a physical work bout of 7 minutes, there was a 5-minute break period including only a

3-minute mental task. On the other hand, in the current study, for RC3 there was no period of

“‘complete rest” as subjects continued to perform intermittent physical and mental tasks for a

duration of 10 minutes before getting a momentary break.
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Figure 12: Least Square means of all four experimental conditions for (a) MVC, (b) COV,
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Subjects performed physical task for 30 seconds and then immediately performed 30 seconds of
mental task, getting only a brief break of about one minute at the end of the 10-minute work bout.
This might be one of the reasons for RPD continually increasing over the duration of 1-hour and
not showing any notable reduction. In the current study, while males followed the overall trend
described above, for females RC3 had second highest force fluctuations and RPD but did not
show any significant difference from CRC3 which was the highest. The trend for MVC was similar
for both genders and had no significant interaction with condition. The case was same for MPF
as well. Hence, despite showing a slightly different trend in terms of COV and RPD, cognitive

demand in breaks proved better than passive rest for females as well.

Hence, the study further corroborated previous research and concluded that added mental

demand during breaks has positive influence on fatigue recovery as compared to passive rest.

D.2. Simultaneous cognitive and physical demands

Comparing passive rest with concurrent physical and mental tasks, it was seen that force
fluctuations (COV) were lower for CRC7 (0.0177) as compared to passive rest (0.0182) and CRC3
(0.0186). Furthermore, both perceived discomfort (RPD) and muscle activity (RMS) were lower
for CRC3 (1.67, 0.184 volts) and CRC7 (1.67, 0.239 volts) as compared to passive rest (1.9,
0.244 volts). Yet further, MVC also showed positive influence of concurrent physical and mental
demands, having higher values for CRC3 (92.4%) and CRC7 (89.9%) as compared to passive
rest (89%). Some of the differences between the three conditions, however, were not statistically
significant. This can be seen in the graphs shown earlier in the analysis section of the study.
These findings are similar to some of the previous studies such as the study by Mehta and Agnew
(2011) who found reduced force fluctuations at 25% MVC level in presence of a concurrent mental
task in the form of Stroop color word test. However, the observation for force fluctuations of the

current study are in contradiction with that of Lorist et al., (2002) who found that force fluctuations
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reduced in absence of a mental task as compared to that during a dual task at 30% MVC. Even
though the contraction level was not substantially different from the 25% MVC level used in the
current study, one of the reasons for the mentioned difference could be the experimental design.
Lorist et al., (2002) in their study had five to six different task conditions in the same experimental
session lasting 1.5 hours, while the actual data collection of dual-task condition was only 7
minutes long on average. The sessions consisted of 150 practice trials of the mental task in the
form of a choice reaction task (CRT) wherein subjects had to identify ‘frequent’ versus ‘infrequent’
auditory signals. This was then followed by more CRT trials along with MVC trials before starting
the dual-task condition. Hence, since the practice session was not separated from the data
collection session it could have led to subjects getting both mentally and physically fatigued before
the dual-task condition and that could in turn have reflected in the results in the form of increased

force fluctuations.

Reduced muscle activity for concurrent mental and physical tasks was in line with previous studies
who found reduced muscle activities and moments (Au and Keir, 2007; MacDonell and Keir,
2005). Although, these findings contradict with some studies who found 10%-50% increase in
muscle activity during dual-task conditions (Finsen et al., 2001; Lundberg et al., 1994; Srinivasan
et al., 2016). Possible reasons for this contradiction could include short task durations and

complex biomechanical systems such as the trapezius muscle selected by these studies.

Hence, while there were differences among the two dual-task conditions, overall they proved to
be better as compared to passive rest in terms of task performance, fatigue recovery, perceived
fatigue and physical demand and muscle activity. The study thus concluded that concurrent
physical and mental demands have a positive influence as compared to passive rest for a single

level of physical exertion that is relevant to medium level occupational settings.
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D.3. Differences among conditions with added cognitive demands

Since the task duration in the current study was 1-hour, performing just the physical task with little
to no variation could have led the subjects to experience increased discomfort as expressed by
the high RPD, as compared to dual-task conditions wherein the added mental task reduced the
monotony of the task and hence could have led to lower RPD. This postulation is also further
supported by the high perception of physical demand by the subjects as shown by the NASA-TLX
ratings which were 73% higher for passive rest as compared to the dual-task conditions.
Furthermore, the highest recovery in MVC which was for CRC3 (92.4%) is supported by muscle
activity (RMS) which was the lowest for CRC3 (0.184 volts). An interesting observation in the
current study was that the highest level of mental demand (CRC7) led to the best task
performance, whereas for lower mental demand conditions (CRC3 and RC3) force fluctuations
increased. In fact, the force fluctuations for CRC3 were higher than that for passive rest. This can
be justified by the differences in arousal levels of the subjects for different conditions. Individuals
have a finite attention capacity (central resource capacity theory) and the portion used is flexible,
partly governed by individuals and their arousal levels (Kahneman, 1973). After the preliminary
practice session, subjects had a fair estimate for all four conditions. Hence, it is possible that for
passive rest condition, subjects weren’t significantly aroused and considering the simplicity of the
task they devoted only a portion of their central resource capacity. Similarly, CRC3 and RC3 did
not have a significant increase in the task demand as compared to passive rest and that could
have led to — 1) Subjects devoting a portion of their central resource capacity and 2) Dividing the
devoted portion between the mental and physical task. This in turn could have led to increased
force fluctuations as with time the task demand increased but subjects did not devote more
resources because arousal level plays a role in the attention limit fixed (Kahneman, 1973). In
contrast as CRCY7 is fairly more demanding than counting in steps of 3, subjects showed more

alertness and arousal which in turn led to more attention resources being devoted to the task and

38



hence a better task performance was observed. This is also supported by Mathiassen et al.,
(2014) who also observed higher alertness for the most difficult mental task. While CRC7 showed
benefits in terms of better task performance and lower RPD, the increased demand also caused
lower fatigue recovery and higher muscle activity as shown by MVC and RMS results in Fig. 12.

These results were somewhat similar to the results of the passive rest condition.

The differences between genders for RPD and COV where females showed better performance
for higher mental demand as compared to males could be associated with the higher proportion
of Type | fibers in females which allows them to sustain low to medium demand tasks for a longer
period of time. Yet another reason could be the fact that females show better performance than
males in terms of speech fluency, accuracy, and fine motor movements (Sherwin, 2003; Zaidi,
2010). A brief ranking of all four conditions from most to least favorable for each of the responses

recorded is shown in Table 4 below.

Table 4: Ranking of all four conditions- concurrent reverse counting in steps of 3 (CRC3),
concurrent reverse counting in steps of 7 (CRC7), reverse counting in steps of 3 during
breaks (RC3) and passive rest- from most to least favorable for RPD, COV, RMS, MVC,
NMPF, and NASA-TLX (Physical Demand)

Most

Eavorable Second Third Least Favorable
RPD CRC3 CRC7 Passive Rest RC3
cov CRC7 Passive rest CRC3 RC3
RMS CRC3 RC3 CRC7 Passive Rest
MVC CRC3 RC3 CRC7 Passive Rest
nMPF CRC7 CRC3 RC3 Passive Rest
NASA-TLX CRC3 CRC7 RC3 Passive Rest

(Physical Demand)
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E. Limitations and Future Work

While this study showed several interesting results for varying levels of cognitive demands, there
are certain limitations of this study that should be noted. This study was conducted including only
young (18-22 years), and hence including a broader range of age is encouraged to see if the
results are more generally applicable. While the selected exertion level was called “medium”, the
findings might vary marginally with the exact exertion levels required at different workplaces even
if they are in the same range. Moreover, additional research is encouraged to understand actual
degree of influence of the observed force fluctuations on physical tasks as it wasn’t included in
the scope of the study. Furthermore, this study only included a simple biomechanical system,
hence further research incorporating multiple muscle groups is encouraged to extrapolate the

findings to more functional joints and muscle groups in the body.

This study analyzed recovery during the task, however further analyses of recovery of subjects
after the task could give more insights about changes in body responses. Research could also be
conducted with different types of cognitive tasks (memaory tasks, arithmetic tasks, color tests, etc.)

to see changes in body responses for each of them and which can give more favorable results.

F. Conclusion

Although all conditions with added mental demands showed better results compared to passive
rest, there were differences in outcomes of certain responses measured. While RC3 did show
highest RPD and COV, it also demonstrated improved recovery and lower muscle activity as
compared to CRC7. Hence, having moderate mental task in breaks could prove to be beneficial
in occupational settings such as assembly, computational tasks, etc. that do not require precise
control over fine motor movements. However, it might hinder performance in work environments
where continuous precise control over fine motor skills is required. On the other hand, moderate

mental demand in concurrence with physical demand (CRC3) showed increased force
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fluctuations. However, it also resulted in highest fatigue recovery, lowest muscle activity, and
lowest perceived discomfort and physical demand. Hence, overall, passive rest represented the
lowest mental demands, and CRC7 had the highest, while CRC3 as a moderate level
demonstrated the most favorable results. Thus, adding a moderate mental demand to the physical
task could lead to enhanced recovery and reduced muscle activity. Adding a higher level of mental
demand showed lowest perceived discomfort and fluctuations, but at the expense of higher
perception of physical demand, increased muscle activity and reduced recovery which were
nearly as bad as passive rest. Certain workplaces where precise control over fine motor
movements is needed, a higher mental demand could show improved task performance, if over

time the increase in muscle activity and discomfort are not significant.

Hence, by having varying levels of cognitive demand, this study was able to denote influence of
different levels on body responses for both genders. The study was also able to find a moderate
level that showed most favorable results overall. A similar approach can be used under different
conditions to find a potentially “optimal” level of cognitive demand to obtain the most favorable
results. This study can thus be an experimental approach to analyze different physical and
cognitive task combinations in workplaces and determine a combination that demonstrates most
favorable results and potentially contribute to preventing or reducing development of WMSDs.
Finally, findings of current study can be utilized to establish guidelines for levels of mental

demand, and overall task demands while designing occupational tasks.
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1. Borg-CR10 Scale

Appendix

(Source: https://www.topendsports.com/testing/images/rpe-1-10.pdf)
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2. NASA-TLX
(Source: https.//humansystems.arc.nasa.gov/groups/tix/downloads/TLX_pappen_manual.pdf)
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3. Matlab Scripts
3.1. cov

currentpath=pwd();
cd('Data File Path"); %Current directory%

data=load ('Data File Name"); %Raw data file%
QQ =data(:,1); %Time Column%

X = QQ(1601:601600);

JJ = data(:,2); % Force in X-direction%
y=J3J(1601:601600);

fc=5; %Cut-Off Frequency%

fs = 1000; %Sampling Frequency%
[b,a] = butter(2,fc/(fs/2));
c=filtfilt(b,a,y);
plot(x,c,'r); hold on;
k=0;
z=0;
W=0;
mean2 = zeros(10,1);
std1 = zeros(10,1);
covl = zeros(10,1);
fori=1:1:10

for j=1:1:20000

W=W+c(60000*(i-1)+35000+j); %35000 is to remove first 35 secs%
P(j)=c(60000*(i-1)+35000+j);
Q(j)=x(60000*(i-1)+35000+j);

end

figure(1);

plot(Q,P, 'b");hold on; %checking for means%
k=k+1; %counter to see the number of loops%

mean2(i)=W/20000;
std1(i)=std(P);
covl(i)=std1(i)/mean2(i);
W=0;
end

covraw=covl;

prompt = 'Enter the minute value that has to be excluded from the code?’;
minute with abnormal fluctuations%

removevalue=input(prompt);

covl(removevalue)=[];

covmean = mean(covl); %mean of COV with removed value%

cvraw=mean(covraw); %mean of COV of all 10 minutes%

% Exclude
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3.2. MVC

clc;

clear all;

currentpath=pwd();

cd('Data File Path'); %Current Directory&
data= load ('Data File Name'); %Raw data file to load%
x = data(:,1); %Time column%

y = data(;,2); %Force in X-direction%

plot(x,y, 'b');

fc=5; %Cut-Off frequency%

fs = 1000; %Sampling Frequency%

[b,a] = butter(2,fc/(fs/2)); %Butterworth filter%
c=filtfilt(b,a,y);

indexmax= find(max(y)==y); %Maximum MVC value%
xmax=x(indexmax);

ymax=y(indexmax);
strmax=['Maximum=",num2str(ymax)];
text(xmax,ymax,strmax, '‘HorizontalAlignment','right’);
%%

% Range of MVC to select%

idx = (1297.2 <= x & x <= 1298.2);

hold on, plot(x(idx), y(idx), 'r")

hold off

A = mean (y(idx)) %Mean of selected MVC range%
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