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The Development of Reaching Across  
the First Year in Twins  

of Known Placental Type

Melissa W. Clearfield, Jing Feng, and Esther Thelen

This study explored the genetic and prenatal environmental influences on the 
development of reaching in twins.  Detailed kinematic measures of arm movements 
and underlying muscle co-activation from two sets of monozygotic twins (MZ; one 
set was monochorionic; the other was dichorionic) and one set of dizygotic (DZ) 
were measured weekly from reach onset to 30 weeks, then bi-weekly to 1 year of 
age. Improvements in trajectories were not linear, but the MZ twins demonstrated 
higher correlations between kinematic variables compared to DZ twins and unre-
lated infants. Although all infants showed increase in muscle co-activation across 
the year, MZ twins showed no more correlations in muscle states than DZ twins 
or unrelated infants.  The results suggest that reaches are not planned at the level 
of the muscles, and that anatomical, biomechanical, and energetic factors act as 
strong constraints on the inherent kinematic and muscle variability. 
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Developmental psychologists seek to answer two seemingly paradoxical questions. 
First, why is behavioral development so globally similar among individuals? And 
second, what are the sources of our striking individual differences? One way to 
answer both questions is to study twins in a longitudinal design. Measures com-
paring unrelated infants with monozygotic (MZ) and dizygotic (DZ) twins raised 
together can help elucidate which aspects of development are common to all infants, 
which are unique to the shared genetic make-up and home environments of the twins, 
and which are idiosyncratic to individual infants in their individual environments. 
A dense, longitudinal design permits us to observe how behaviors subject to these 
influences, both genetic and environmental, change over time. Here, we use this 
approach to explore the genetic and environmental influences on the development 
of a very basic motor skill, learning to reach for objects.

There is an old tradition of studying motor development in twins dating back 
to Arnold Gesell (Gesell & Thompson, 1929) and Myrtle McGraw (1935). Both 
employed a co-twin control method, where one twin was given extensive practice 
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in a motor skill (e.g., stair-climbing or roller-skating) while the other twin was not 
given any training (and in McGraw’s studies, was restricted in his movements). 
Then, the emergence of the skill was measured in both infants to see whether 
training could improve or accelerate the onset of that particular skill. For a wide 
range of motor skills, from typical infant behaviors like reaching and grasping to 
more advanced behaviors like stool-climbing, both McGraw (1935) and Gesell and 
Thompson (1929) found that early training has only a modest and temporary effect. 
Both concluded that motor skills are thus more determined by nature, or genetics, 
rather than environment. Contemporary large-scale behavioral genetic studies of 
infant twins also show strong genetic influences on motor skills in infancy, using 
parent questionnaires and the Bayley Scales of Motor Development (e.g., Plomin 
et al., 1990; Wilson, 1983; Wilson & Harpring, 1972).

The present research is different from both of the above methods. First, unlike 
the training studies of Gesell and McGraw, we did not intervene in infants’ normal 
development. Second, we were not interested in issues of heritability (e.g., DiLalla 
et al., 1990). In other words, we were not attempting to link later mental develop-
ment to the onset of motor skills. Third, we focused on kinematic variables that 
were derived from continuous movement, resulting in precise, dense quantitative 
measures of behavior, rather than ratings or judgments of success or failure. Finally, 
we measured the same functional behavior many times each session over many 
sessions, which increased the reliability of our measures. Although this kind of 
dense measurement of continuous physiological variables (like EEG and evoked 
potential) has been done before on children and adolescent twins (Boomsma, Van 
Baal, & Carolien, 1997), we believe we are unique in using such a dense longi-
tudinal design during known developmental transitions in an active, functional 
behavior—learning to reach.

We approach this developmental transition to skilled reaching from a dynamic 
systems perspective. This view begins with the assumption that infants’ movements 
and changes in motor development are softly assembled.  We see the challenge of 
learning to reach as the problem of marshalling the dynamic properties of the body 
to achieve a behavioral goal in a specific task context, rather than a product of a 
built-in reaching device (e.g., Bingham, 1988; Kugler & Turvey, 1987; Thelen & 
Ulrich, 1991). In other words, there is no pre-existing prototype for a reach; rather, 
each particular reach is adapted to the body’s dynamics (including muscle mass 
and limb position), the specific environment, and the task at hand. Infants must be 
able to choose the particular movements they need to execute a reach in a flexible 
manner. Moreover, the system must be self-organizing. This means that instead of 
hierarchical control with the brain specifying details of muscle and joint activity, 
the nervous system must act in concert (or cooperation) with the biomechanical and 
energetic properties of the body, environmental supports, and the task (e.g., Thelen, 
Kelso & Fogel, 1987; Thelen, Ulrich & Niles, 1987). This has been shown with both 
developing control of leg (e.g., Thelen & Ulrich, 1991) and arm movements (e.g., 
Thelen, Corbetta, Kamm, Spencer, Schneider & Zernicke, 1993; Thelen, Corbetta 
& Spencer, 1996). Finally, stable solutions are discovered through exploration of 
one’s own intrinsic dynamics in relation to the task at hand (Kugler & Turvey, 
1987; Zanone & Kelso, 1991).

There are a number of reasons why the movements involved in learning to reach 
were ideal for this study. First, reaching is a functionally essential behavior that all 
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intact infants learn at about 4 months of age. Second, the developmental changes in 
reaching have already been well-characterized and show interesting developmental 
properties (e.g., von Hofsten, 1979; 1991; Thelen et al., 1993; Thelen et al., 1996). 
A dense longitudinal study investigating the onset and development of reaching 
in four infants showed both global similarities across infants as well as striking 
individual differences (Thelen et al., 1993; 1996; Spencer, Vereijken, Diedrich & 
Thelen, 2000). All infants required similar levels of postural control before reach-
ing, demonstrated jerky and uncoordinated first reaches, reached a plateau around 
7 months of age, and all ended the year with smooth, straight, controlled reaches 
(Spencer et al., 2000; Thelen et al., 1993; 1996). Third, despite these global trends, 
the infants also demonstrated numerous individual differences in when they began 
reaching, the order of postural and manual skill development, and in individual 
movement styles (Thelen et al., 1993; Spencer et al., 2000). This same pattern of 
global similarities in the face of local individual differences was also found in the 
underlying muscle activity of these four infants learning to reach (Spencer & Thelen, 
2000), with similarities in which muscles were used when (biceps and triceps early 
in the year, deltoid and trapezius later in the year), but individual differences in 
which particular muscle patterns they demonstrated most. Fourth, the sources of 
both the similarities and the differences remain intriguing, especially since, right 
from the earliest weeks, all infants had individually preferred and rather stable 
“movement styles” in terms of energy level, stiffness, and movement smoothness 
and speed (Thelen et al., 1996). These styles persisted throughout the first year as 
a backdrop upon which all new milestones were drawn. 

Thus, we ask in the present study: Given a child’s “initial conditions” of body 
build, metabolism, and muscular system, to what degree are their developmental 
trajectories determined by these anatomical and neurological constraints? How 
much of the developmental landscape is constrained and what is the role of experi-
ence? More specifically, how would genetics impact infants’ behavioral patterns, 
as measured by precise quantitative kinematic variables? Moreover, would they be 
more alike in behavior or in the underlying neuromuscular patterns, as measured 
by EMG? 

We begin to answer these questions here in a case study of monozygotic (MZ) 
and dizygotic (DZ) twins, followed weekly as they learned to reach out for an object 
over their first year. Two sets of twins were MZ, and the third, DZ. In addition, we 
studied the effects of prenatal environment on MZ twins with identical genetics. 
One pair of the MZ twins were the more common monochorionic type (MZ-MC), 
meaning that they shared a single chorionic membrane. The second pair were 
dichorionic (MZ-DC), with each fetus growing in a separate chorionic sac. Thus, 
while the MZ twins were identical genetically, one set was exposed to potentially 
different nutrient and hormonal environments during a critical developmental 
time. Indeed, MZ-DC twins are known to differ more than MZ-MC twins on both 
measures of personality at age 4 (Sokol, Moore, Rose, & Williams, 1995) and IQ 
at age 7 (Melnick et al., 1978).

The expectation was that the genetically identical twins would be more alike 
in “initial conditions” and probably in growth patterns. We predicted replication 
of the kinematic global similarities with respect to the transition from jerky move-
ments to a plateau of more stable movements, but also individual differences in 
reach onset and preferred speeds and movement styles. We also explored possible 
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contributions to differences between twin pairs by correlating kinematic measures 
with body measurements. Based on the previous behavioral genetics studies in motor 
development (e.g., Plomin et al., 1988), we predicted that the MZ twins would be 
more similar to each other than the DZ twins. Our predictions regarding the role 
of the pre-natal environment were less clear, because findings from previous stud-
ies have been mixed.  With respect to muscle activation, we expected that spatial 
location of reaches would constrain infants’ muscle activity, and that co-activation 
might increase over the course of the year. 

Method

Participants

Three sets of male twins participated. The infants were recruited before birth through 
local obstetricians. At the time of birth, we collected placental materials from the 
attending physicians and delivered it to the pathologists at the Indiana University 
School of Medicine in Indianapolis for inspection. Zygosity was determined by 
blood type or buccal smear. We included the first twin pairs to meet the criteria: 
MZ-MC, MZ-DC, and DZ. All six infants were healthy males at birth, with no 
known motor or sensory impairments. The MZ-MC twins weighed 5 lbs., 4 oz. and 
4 lbs., 2 oz. at birth and were 18 and 16.5 inches long, respectively; the MZ-DC 
twins weighed 4 lbs., 1 oz. and 4 lbs., 8 oz. and were both 17 inches long at birth; 
the DZ twins were 6 lbs., 3 oz. and 5 lbs., 13 oz. and both were 17.5 inches long 
at birth. The MZ-DC twins were 5 weeks premature; their pediatrician confirmed 
that this is normal for twins, and based on their birth weight and achievement of 
developmental milestones, they should not be considered premature. Thus, we used 
their age since birth. The other two sets of twins were full-term.

In addition, four unrelated infants (all full-term, three males, one female) also 
served as a comparison for this study (see Thelen et al., 1993 for details).  The 
unrelated infants were paired by similarity, such that the two active infants were 
paired together, and the two more quiet infants were paired together; this was also 
the pairing that resulted in the most correlations, thus providing the most rigorous 
test. All parents gave informed consent for all procedures. 

Apparatus

We recorded position-time data with a four-camera OPTOTRAK movement analysis 
system (Northern Digital, Inc., Waterloo, ON) which tracked the IREDs (infrared 
emitting diodes) that were taped to the infants’ arms and collected two-dimensional 
data from each IRED within a calibrated volume. Infants were seated in the center 
of that calibrated volume of 53.5 × 65.5 × 53.5 cm (width, height, depth) with 
cameras on the right and left. Three-dimensional coordinates were then calculated 
using the direct linear transformation technique.

In addition to the position-time data, we also recorded EMG data from the 
following muscles on one side of the body (see below for details): upper trapezius 
(Trap), anterior deltoid (Delt), biceps (Bi), and triceps (Tri). EMG data were col-
lected using a Grass model 7D polygraph (Grass Technologies, West Warwick, 
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RI). The EMG signals were sampled at 750 Hz and synchronized with the posi-
tion-time data. Pediatric silver-silver chloride surface electrodes were taped to the 
bellies of each muscle.

All trials were also videotaped from both a lateral and frontal view, and were 
simultaneously recorded using a split-screen generator with an added frame counter. 
Position-time data, EMG data, and video data were all synchronized.

Procedure

We began collecting data as soon as the parents and infants were comfortable making 
lab visits, which ranged from 8 weeks of age to 15 weeks. Visits were weekly until 
30 weeks of age, and then biweekly until the end of the first year. The MZ-DC 
twins missed two data collection sessions due to illness. 

The procedure was identical to Thelen et al. (1993). When infants arrived at 
the laboratory, we first removed their shirts and weighed and measured them. To 
improve reliability of the physical measures, infants were weighed and measured 
by two experimenters at each visit, and the average measurement was taken. 
Then, we taped small, individually pulsed IREDs to the skin of infants’ shoulders, 
elbows, wrists, and the distal end of the third metacarpals (this latter IRED tracked 
the position of the hands). Next, we determined which arm was more active when 
a toy was presented to the infants at midline. The EMG electrodes were attached 
to the more active side of the body. Thus, EMG activities were recorded from the 
left arms during some weeks and from the right arms during other weeks. After the 
IREDs and EMG electrodes were in place, we strapped the infants across the torso 
into a specially constructed infant seat that was reclined 30 degrees. The seat had 
removable lateral headrests to support the infants’ heads before they had adequate 
neck and head control. 

Data were collected in a series of 14 s trials in two separate conditions: a social 
condition and a toy condition.  We began each session with at least two social trials, 
where we asked the parent to interact with the infant but not to offer any toys. This 
served as a familiarization period only. These trials were followed by the toy trials, 
where a small attractive toy was attached to a dowel and presented at midline, 
shoulder height, just at the edge of their reaching space. Toys were presented by the 
parent for the first few trials, and then when the infant lost interest in that toy, the 
experimenter presented a new toy. We attempted to collect 14 trials for each infant 
at each session. Here, we report only data from the toy condition. The number of 
trials per infant per session ranged from five to 14, with an average of 11.3. 

Data Processing of Kinematics

All kinematics are reported for the endpoint only, meaning the hand or the wrist 
(depending on visibility). We used a fourth-order Butterworth filter to smooth the 
data (see Thelen et al., 1993 for details), and then used an interactive computer 
program to identify the reach segment (see Corbetta & Thelen, 1995). Briefly, this 
program prompted the user to choose reach initiation frames and the frame of hand-
toy contact by comparing the continuous 3-D kinematics (displayed on a computer 
screen) with the corresponding videotaped sessions. A reach needed to meet the 
following criteria: (a) the object was in the infant’s reachable space; (b) the infant 
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was either looking at the object during the reach or had looked at the object for at 
least 1 s before the reach; and (c) the movement of the arm resulted in at least one 
hand contacting the toy (grasping or obtaining the toy was not necessary). When 
reaches were bimanual, each arm was coded in separate passes. Here, we report 
only data from the arm that first contacted the toy.

The kinematic variables reported in this study were: 
(a) Straightness, defined as the ratio of the virtual path length (a straight line 

between the 3-D coordinate of the endpoint at the start of the reach and at toy con-
tact) and the actual path length. The obtained ratio was then standardized using the 
following Z-transform equation: z(x) = 2ln(1+x)/(1-x), with ln being the natural 
logarithm. The closer this ratio is to one, the straighter the reach.

(b) Smoothness, measured by the number of movement units. A movement 
unit was defined as a movement segment that included a speed maximum between 
two minima, where the difference between the maximum speed and both minima 
was at least 0.1 cm/s. Adult reaches typically have 1 movement unit, so higher 
numbers indicate jerkier reaches. 

(c) Average velocity, calculated as the mean 3-D resultant velocity of the hand 
from reach onset to contact with the toy. 

(d) Contact velocity, defined as the instantaneous hand speed at the frame of 
toy contact.

The mean values and the standard errors of the kinematic variables were cal-
culated across all trials in each week for each infant. 

To investigate developmental trends, each infant’s data was divided into early 
reaching weeks and the later reaching weeks, as defined by Thelen et al. (1996). 
The transition between early and later reaches was determined using the kinematic 
data. Three independent coders were asked to identify the point of transition for 
each infant, focusing more attention on the velocity measures based on the results of 
Thelen et al., (1996). All three coders agreed within 1 week. The mean differences 
between the early and later periods across all infants for each kinematic variable 
were calculated. In addition, the absolute value of the difference within each set of 
twins was calculated for each kinematic variable, comparing the difference between 
the early and later weeks. 

In addition, the mean values and the standard errors of the kinematic variables 
were correlated between each set of twins (and the two sets of unrelated infants) 
across all weeks. We report correlations between sets of twins and also comparing 
one of the MZ-MC twins to one of the MZ-DC twins, the other MZ-DC twin with 
one DZ twin, and between the four unrelated infants from the Thelen et al. (1993) 
study. These additional correlations served as a control for random effects and for 
convergence on the same solution.

Correlations between body measurements (body mass and length) and kine-
matic variables were also calculated for each of the six infant twins (this information 
was unavailable for the four unrelated infants). Bonferroni corrections were made 
for all results involving multiple comparisons.

EMG Data Analysis

The EMG data were filtered using a band-pass filter with cutoff frequencies set 
at 6 Hz and 250 Hz. After band-pass filtering, the data were de-meaned (set the 
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mean to 0), full-wave rectified, and smoothed using a moving average window 
of 1 millisecond. Because the absolute value of EMG amplitude is not a reliable 
measurement in this longitudinal study, we analyzed EMG data using a modified 
version of an on-off transformation method developed and validated by Spencer and 
Thelen (2000). First, a signal-to-noise threshold was calculated for each trial and 
the thresholds were averaged across all trials of each week. Second, EMG signals 
were transformed to on or off and a muscle state vector consisting of a 0 (off) or 
1 (on) for each of the four muscles (Bic, Tri, Delt, and Trap) was assigned to each 
EMG frame. There were 16 possible muscle states ranging from [0000]—no muscle 
active—to [1111]—all muscles active. Finally, the patterns of muscle co-activi-
ties employed in reaching was examined. The reaching segment of each trial was 
divided into 10 bins of equal duration, to preserve the time-course of the reaches. 
Thus, the first bin corresponded to the first 10% of the reach time, the second bin 
was the second 10%, and so on. The frequency of occurrence of each muscle state 
was calculated for each bin of each trial, and within each bin, an average was 
calculated across all trials of a week.

To investigate whether the patterns of muscle co-activation were more similar 
in twins compared to unrelated infants, we correlated the frequency of occurrence 
of muscle states on the twins and non-related pair of infants. For each muscle state 
of each infant, the frequency of occurrence was aligned into an array in the follow-
ing way: week1_bin1, week1_bin2, ..., week1_bin10, week2_bin1, week2_bin2, 
..., week2_bin10, ... The array reflects the change of muscle co-activation patterns 
over time, both within a reaching segment and across different weeks. Then for 
each muscle state, the arrays of two infants (twins or non-related infants) were 
correlated for early weeks and later weeks respectively.

To investigate whether there were developmental trends in patterns of particu-
lar muscle-co-activation, the data were pooled across all six infants and subjected 
to a repeated-measures analysis of variance on the frequency of occurrence of 
muscle states using muscle state and period (early vs. later) as within-subject 
factors. To prepare the data for the repeated measures analysis, an average was 
calculated for each bin of each trial and averaged across all trials of a week, as 
previously described. Second, it was averaged across the 10 bins of each week. 
Third, it was averaged across the early weeks and the later weeks respectively 
for each infant.

In this study, infants reached freely. Although the experimenter waved the 
toy at approximately the same position on different trials of the same week, the 
duration and the starting position of reaches could vary considerably. To reduce 
the variability among reaches on different trials, the trials with reaching segment 
longer than 3 s or shorter than 0.8 s were eliminated when the average of muscle 
states was calculated for each week. This eliminated 11.1% of trials. To estimate the 
variability of starting position, we calculated the distance from the starting position 
of each reaching segment to the average center of the starting positions of all trials 
of the same week. Among all data collecting weeks of all six infants, only 4.1% of 
the starting positions of reaches was equal to or greater than 8 cm from the average 
starting position (and 8.5% equal to or greater than 7 cm). In other words, 96% of 
the reaches began from approximately the same starting location (within 8 cm). 
Thus, we are confident that the averaged muscle states reflect the general patterns 
of muscle co-activities during different reaching trials in a certain week.
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Results

Both infants within each set of twins began reaching consistently in the experi-
mental set-up on the same week. One MZ-MC twin reached twice at 18 weeks, 
and both reached consistently at 19 weeks. The MZ-DC twins both began reaching 
consistently at 24 weeks, and the DZ twins at 23 weeks (although one DZ twin 
reached once at 22 weeks). 

Straightness

Figure 1 illustrates the straightness ratio exhibited by each infant for each set of 
twins across the first year. Recall that stable reaches are characterized by ratios 
closer to one, indicating straight and direct reaches. Again, all six infants showed 
increasing straightness ratios across the year, with more variability early in the year, 
and consistently straight movements by the end of the first year (see also Table 1). 
In addition, within each set of twins, there appeared to be more overlap from week 
to week later in the year compared to earlier in the year. 

Smoothness

Figure 2 illustrates the number of movement units (smoothness) exhibited by each 
infant for each set of twins from reach onset across the first year. All six infants 
demonstrated more movement units, and more ups and downs from week to week 
early in the year, and all infants ended the year with consistently fewer movement 
units per session. Although the MZ-DC twins appeared variable throughout the 
year, their peak at 44 weeks of age was likely an outlier, with a small number of 
contributing trials due to equipment failure. A t-test comparing the number of move-
ment units across all infants in the early versus later period confirms a significant 
decrease in smoothness across the year (see Table 1). Note too the overlap in the 
graphs for the MZ-MC twins, especially in the later weeks.

Average Velocity

Figure 3 illustrates the changes in average velocity for each twin pair over the 
course of the year. All sets of twins showed some variability early on, followed by 
slower and more stable velocities later in the year. A t-test comparing the average 
velocity during the early and later reaching periods was marginally significant at 
p < .07 (see Table 1). There were individual differences in average velocity at the 
onset of reaching, with the MZ twins reaching more slowly (approximately 17 
cm/s) compared to the MZ-DC and DZ twins (20 cm/ and 30 cm/s, respectively). 
Despite these differences across infants at the beginning of the year, all six infants 
ended the year with strikingly similar velocities (all around 20 cm/s).

Contact Velocity

Figure 4 illustrates the pattern of changes in contact velocity across the year. All 
three sets of twins showed remarkable stability and similarity across the entire 
year. Each set of twins had a spike in contact velocity at one session early in the 
year, although when this session occurred differed across twins (23 weeks for the 



Twin Reaching  37

Figure 1—The straightness ratio exhibited by each infant for each set of twins across the 
first year

Table 1 Means and t-Tests Comparing the Early and Later  
Reaching Periods for Each Kinematic Variable Across All Infants

Early period (SE) Later period (SE) t-value

Straightness  0.65 (0.01)  0.72 (0.01)   4.61**
Smoothness  3.81 (0.17)   3.4   (0.16)  1.81*
Average velocity 23.49 (1.02) 21.29 (0.63) 1.77
Contact velocity 16.36 (1.13) 10.06 (0.48)   4.60**
*p < .05
**p < .01
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Figure 2—The number of movement units exhibited by each infant for each set of twins 
from reach onset across the first year.

MZ-MC twins, 29 weeks for the MZ-DC twins, and 25 weeks for the DZ twins). 
Close comparisons of the graphs indicate that all the infants were converging 
upon the same contact velocity, between 10 and 15 cm/s. This suggests that given 
identical tasks, contacting a target held at the same position for all infants, there 
may be an ideal contact velocity that each infant learned. Again, a t-test compar-
ing the contact velocity early in the year compared to later confirms a significant 
decrease (see Table 1).
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Figure 3—The average velocity exhibited by each infant for each set of twins across the 
first year. 

Differences in Actual Values of Kinematic Measures

One way to investigate similarities in reaching and the developmental trend is by 
comparing the values of each kinematic variable among infants across a larger time 
period. We first divided each infants’ kinematic profile into an early and late period, 
which was week 30 for the MZ-MC twins and MZ-DC twins, and week 32 for the 
DZ-DC twins. We then calculated the absolute value of the differences between 
infants in each twin pair for each week, and we report the mean differences per 
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Figure 4—The contact velocity exhibited by each infant for each set of twins across the 
first year.

twin pair per period in Figure 5. A repeated measures analysis of variance was run 
on each variable, with twin pair as the between-subjects factor and period as the 
within-subjects factor. There were no effects of twin pair for any variable, but there 
were main effects (or trends) for time period for all four variables [straightness: 
F(1, 2) = 7.78, p < .05; smoothness: F(1, 2) = 4.30, p < .05; contact velocity: F(1, 
2) = 4.18, p = .05; average velocity: F(1, 2) = 3.9, p = .06]. All pairs of infants 
showed fewer differences in the later period compared to the early period. This 
adds statistical strength to our descriptions above of all infants generally improving 
across all four kinematic variables over the course of the year.
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Figure 5—The absolute value of the difference in the kinematic variables by twin pair

Kinematic and Variability Correlations  
Between Sets of Twins and Control Infants 

To test the strength of the relationships between the twins on the kinematic variables, 
we correlated each infant’s kinematic variables, aligned by age against his twin (see 
Table 2). Note that when the correlations are aligned by reach onset, the same pat-
tern of results emerges. We also compared correlations between twins and unrelated 
infants to see if all infants learning to reach simply converged on the same solution. 
Table 2 shows the correlations for each of the kinematic variables. Focusing first 
on the MZ twins, two of the four variables (smoothness and average velocity) were 
significantly correlated for the MZ-MC twins, and the other two variables (straight-
ness and contact velocity) were significantly correlated in the MZ-DC twins. None 
of the other combinations of infants (including the DZ twins) showed significant 
correlations in straightness, smoothness, or average velocity. Interestingly, several 
of the control pairings showed significant correlations in contact speed, including 
the DZ twins and two sets of unrelated infants (out of four total sets). It is likely 
that the constraints of this task (reaching to the same target presented mid-line while 
strapped to a supportive chair) naturally prompted an ideal velocity with which to 
obtain the toy. This idea is supported by the graphs which showed that most infants 
ended the year with a contact velocity of about 12 cm/s.
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We also explored the variability between infants on these four kinematic vari-
ables. We reasoned that although the infants might demonstrate similar averages, 
they may not achieve the averages in the same way. Table 3 shows correlations 
between the standard errors for each infants’ kinematic variables. Again, note the 
high correlations between both sets of MZ twins. The MZ-MC twins are highly 
correlated in straightness and smoothness, and show a trend in contact speed. 
Similarly, the MZ-DC twins are highly correlated in straightness and contact speed. 
This suggests that not only were these infants peaking and dipping on average at 
the same times, but even the subtle changes from trial to trial were replicated in 
each twin. Although there were no significant correlations between the DZ twins, 
they too showed a trend in contact velocity. Of the unrelated infants, although two 
correlations achieved significance, one was negative and the other was in contact 
velocity, which, as explained above, may be an artifact of the task. 

Correlations Between Body Measurements  
and Kinematic Variables

One way that genetics could contribute to similarities in kinematics is through 
physical characteristics. We explored this using two gross measures of the body: 

Table 2 Kinematics Correlations for Sets of Twins (First 3 Rows), 
for Unrelated Twins (Next 3 Rows; One MZ-MC Twin Was Correlated 
with One MZ-DC Twin and One DZ Twin, and One MZ-DC Twin Was 
Correlated with One DZ Twin as a Control for Random Effects), and 
for Unrelated Infants from the Original Thelen et al. (1996) Study 
(Last 2 Rows; as a Control for Random Effects)

Straightness Smoothness
Average  
velocity

Contact  
velocity

MZ-MC 0.24   0.54**  0.36* 0.26

MZ-DC   –0.50** 0.30 –0.200   0.51**

DZ   0.080 0.35 0.28   0.63**

MZ-MC to MZ-DC 
(unrelated twins) –0.030 0.28 0.11 –0.130

MZ-DC TO DZ 
(unrelated twins) 0.14 0.29 –0.330  0.45*

MZ-MC to DZ 
(unrelated twins) –0.110 –0.310 –0.110 0.22

NQ-GS (unrelated) –0.040 –0.350 –0.080 0.23

HR-JA (unrelated) 0.21 0.25 0.14  0.40*
*p < .05, one-tailed test
**p < .01, one-tailed test
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mass and overall length. Both of these variables are proxy measures, and thus these 
data are merely suggestive, not causal. Focusing on mass first, Figure 6, top panel, 
shows the mass of each infant over the course of the year. The twin pairs show 
remarkable similarities in their weight, not just in the absolute amount but also in 
the changes over the weeks. It is important to note that the mass does not simply 
increase linearly for all infants. Moreover, the slope of the lines is different for each 
of the twin pairs. The MZ-MC twins increase quite gradually, while the MZ-DC 
and DZ twins show much more change between the first week of reaching and the 
end of the year. Figure 6, bottom panel, shows the changes in total body length 
over the year. Note that while body mass is easy to assess accurately, measuring 
the length of a squirming infant is not. Thus, the body length data is a bit noisier 
than the mass data, but still shows an interesting and similar trend. There is much 
more overlap in length among all infants than there was in mass. This is critical, 
because it suggests different body structures. The MZ-MC twins grew longer and 
leaner over the year, while the MZ-DC twins remained smaller and lean and the 
DZ twins became longer and heavier. 

To test whether these body measurements are related to reaching, we cor-
related each infant’s mass with each kinematic measure at each week. Note that 
these correlations are within-infants (each individual infant’s kinematics correlated 
with his own mass and length), not between twin-pairs like the previous results. 
These correlations address whether any particular kinematic variable is related to 
mass across all infants, and if not across all infants, whether both infants within 

Table 3 Standard Errors of Kinematics Correlated by Sets of Twins 
(First 3 Rows), and as a Control for Random Effects, SE  
Correlations Between Unrelated Twins (Next 3 Rows) and  
Unrelated Infants (Last 2 Rows)

Straightness Smoothness
Average  
velocity

Contact 
velocity

MZ-MC  0.69**   0.64** 0.08 0.36
MZ-DC 0.50* 0.10 –0.050    0.74**
DZ 0.030 –0.220 0.20 0.38
MZ-MC to MZ-DC 
(unrelated twins) –0.2500 –0.230 –0.41* –0.050
MZ-DC TO DZ 
(unrelated twins) 0.280 –0.060 0.33   0.83**
MZ-MC to DZ 
(unrelated twins) 0.340 0.09 –0.400 –0.100
NQ-GS (unrelated) 0.330 –0.120 0.14 0.12

HR-JA (unrelated) –0.1100 –0.300 0.03 0.31
*p < .05, one-tailed test
**p < .01, one-tailed test
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Figure 6—Body mass in kg (top) and overall body length in cm (bottom) of each infant 
from the week of reach onset through the first year.

a set of twins will show more significant correlations than infants across sets of 
twins. We predicted that infants who share more genetic material will have more 
similar bodies; if bodies are correlated to kinematic measures, then infants who 
have more similar bodies should both show correlations between their bodies and 
kinematics. More specifically, both infants in both sets of MZ twins should show 
significant correlations across multiple variables. In contrast, the DZ twins and 
unrelated infant pairs should show fewer significantly correlated variables. Further, 
only one infant from each pair may show the significant correlation, which would 
suggest that the bodies of that pair of infants were changing differently, and only 
one of the infants’ changes were related to reaching. 

Table 4 shows these correlations for all three sets of twins, as well as for the 
four unrelated infants. Both MZ-MC twins show significant correlations between 
mass and straightness, smoothness, and average velocity. So, for both infants, the 
heavier they became, the straighter and faster their reaches, and the fewer move-
ment units they demonstrated. The MZ-DC twins both demonstrated significant  
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correlations between their mass and straightness, but only one of these infants 
showed a correlation between mass and contact velocity. Only one of the DZ twins 
showed the mass-straightness correlation, and neither one showed any further 
correlations. Similarly, of the unrelated infants, two of the four showed the mass-
straightness correlation and none showed any other significant correlations. 

We also calculated correlations between kinematic variables and body length 
for each of the six infant twins (this information was unavailable for the four unre-
lated infants). Table 5 shows that the MZ-MC twins again show many significant 
correlations: both infants show correlations between body length and straightness 
and smoothness, and one of these infants shows a correlation for average velocity 
(the other shows a trend in the same direction). The MZ-DC twins both show a 
significant correlation between length and straightness, but only one infant shows 
the correlation for both average and contact velocity. In contrast, the DZ twins 
share no correlations between length and any kinematic measures, although one 
infant shows a significant correlation for contact speed. This pattern of results 
suggests that more similar genetics and pre-natal environment resulted in more 
similar bodies, which resulted in more similar hand paths.

Muscle Co-Activation

We explored the origin of the kinematic similarity by analyzing muscle co-activa-
tion patterns within and among sets of twins. We expected to find more similarity 
between the MZ twins than the DZ twins. We also expected more similarity when 
comparing infants’ more stable reaching weeks with their early reaching weeks. 

Table 4 Mass Correlated with Kinematic Variables

 
Twin type

 
Infant

 
Straightness

 
Smoothness

Average  
velocity

Contact  
velocity

MZ-MC KD   0.64**   –0.73**   0.52* –0.22

KM   0.32*   –0.61**  0.32 –0.25

MZ-DC GB   0.72**  0.13 –0.28   –0.67**

LB  0.58* –0.42  0.39 –0.05

DZ NA   0.60** –0.11 –0.17 –0.30

NI 0.24  0.04 –0.12 –0.26

Singletons NQ   0.57** –0.36 –0.10 –0.30

G 0.28 –0.16 –0.27 –0.35

HR   0.59** –0.33  0.38  0.15

JA 0.24 –0.38  0.25 –0.05

*p < .05, one-tailed test
**p < .01, one-tailed test
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Therefore, we divided the data analysis weeks into the early and late periods used 
in the kinematic profile. Then we correlated the frequency of occurrence of each 
muscle state over each period between twins (Figure 7a) and unrelated infants 
(Figure 7b). As expected, the MZ-MC twins showed many significant correlations, 
especially in the late period (4/16 in the early period vs. 11/16 in the late period). 
However, contrary to our prediction, the MZ-DC twins were not more similar in 
muscle co-activation patterns than DZ twins. The MZ-DC twins had 3/16 signifi-
cantly correlated muscle states in the early period and late period respectively, while 
the DZ had 6/16 significantly correlated muscle states in the early period and 5/16 
significantly correlated muscle states in the late period. The DZ twins did not show 
more similarity in the late period than the early period. Surprisingly, the unrelated 
infants showed more correlated muscles states than the MZ-DC twins (3/16 muscle 
states between MZ-MC twins in both early and late periods, while 5/16 muscle 
states in the late period between unrelated infants pair 1, and 4/16 muscle states 
in the late period between unrelated infants pair 2). In sum, the unrelated infants 
demonstrated nearly as many significant correlations in muscle states as both the 
DZ and one set of MZ twins. 

We next asked whether all six infants showed trends in patterns of particular 
muscle-co-activation. We pooled the data across all six infants and ran a repeated-
measures analysis of variance on the frequency of occurrence of muscle states 
using muscle state and period (early vs. later) as within-subject factors. As pre-
dicted, there was a main effect of muscle state, F(15, 75) = 17.6, p < .001, with 
significantly more Trap and Delt activation (individually and together) compared 
to Tricep and Tri-Bic activation. In addition, all infants showed more co-activation 
(all four muscles on) compared to many other combinations, thus replicating the 
findings of Spencer and Thelen (2000).  There was no effect of reaching period, 
which suggests no significant developmental trends in muscle co-activation as 
infants improved their reaching skills.

Table 5 Body Length Correlated with Kinematic Variables

Twin type Infant Straightness Smoothness
Average 
velocity

Contact 
velocity

MZ-MC KD   0.64**   –0.75**   0.53* –0.19

KM   0.76**   –0.50**  0.26 –0.32

MZ-DC GB 0 0.82**  0.07  –0.48*   –0.76**

LB 0.55* –0.27  0.44 –0.15

DZ NA 0.420  0.01 –0.28   –0.60**

NI –0.0300  0.09 –0.26 –0.26
*p < .05, one-tailed test
**p < .01, one-tailed test
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Figure 7a—Correlation of each muscle state between twins. Significant (p < .05) posi-
tive correlation is indicated by an asterisk. (Note: only significant positive correlations are 
labeled). The muscle states are presented in increasing co-activity (single refers to a single 
active muscle, double refers to two active muscles, etc.). The specific muscle states are: 1 
- none, 2 - Trap, 3 - Delt, 4 - Bic, 5 - Tri, 6 - Trap/Delt, 7 - Trap/Bic, 8 - Delt/Bic, 9 - Trap/
Tri, 10 - Delt/Tri, 11 - Bic/Tri, 12 - Trap/Delt/Bic, 13 - Trap/Delt/Tri, 14 - Trap/Bic/Tri, 15 
- Delt/Bic/Tri, 16 - Trap/Delt/Bic/Tri.

General Discussion

Learning to reach is a complex skill in which infants must learn to match their 
intrinsic dynamics to the specific environment and the task at hand (e.g., Thelen 
et al., 1993; Thelen et al., 1996). The present findings replicated both the global 
trends and the individual differences found in earlier studies of infant reaching 
(Thelen et al., 1993; 1996). Beyond replication, the present study of reaching in 
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Figure 7b—Correlation of each muscle state between unrelated infants. Significant (p < 
.05) positive correlation is indicated by an asterisk. (Note: only significant positive cor-
relations are labeled). The muscle states are presented in increasing co-activity (single 
refers to a single active muscle, double refers to two active muscles, etc). The specific 
muscle states are: 1 - none, 2 - Trap, 3 - Delt, 4 - Bic, 5 - Tri, 6 - Trap/Delt, 7 - Trap/Bic, 8 
- Delt/Bic, 9 - Trap/Tri, 10 - Delt/Tri, 11 - Bic/Tri, 12 - Trap/Delt/Bic, 13 - Trap/Delt/Tri, 
14 - Trap/Bic/Tri, 15 - Delt/Bic/Tri, 16 - Trap/Delt/Bic/Tri.

sets of twins was designed to explore the origins of these global similarities in the 
face of individual differences. 

At the macro level, the kinematic data suggest a genetic contribution. There 
were more significantly correlated variables for both sets of MZ twins compared 
to the DZ twins and the unrelated infants. This held for both the kinematic vari-
ables themselves, and the standard errors on the variables, suggesting that both 
the week-to-week variability and the trial-to-trial variability between MZ twins 
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was more similar compared to DZ twins and unrelated infants. This replicates 
the major findings from early behavioral genetics studies which showed a greater 
influence of genetics on gross motor skills in infancy (e.g., Wilson & Harpring, 
1972; Plomin et al., 1988).

Interestingly, the similarities between the sets of MZ twins were not linked 
to one particular kinematic variable. The MZ-MC twins showed significant cor-
relations in smoothness and average velocity, while the MZ-DC twins showed 
significant correlations in straightness and contact velocity. Further, the significant 
correlations in the standard errors did not overlap completely with the correlations 
in the kinematics for both sets of twins—the MZ-MC twins showed significant 
correlations of standard errors in smoothness and straightness. This suggests that 
the genetic contribution is not specific to a particular kinematic measure. 

The effect of chorionicity was less clear. Both sets of MZ twins showed iden-
tical numbers of correlated kinematic variables. However, the MZ-MC twins did 
show more correlations between kinematics and body measurements compared 
to the MZ-DC twins, as well as more correlations for muscle activity, suggesting 
a weak prenatal environment effect. It would be somewhat surprising to find no 
influence of the prenatal environment, given the vast literature on fetal sensitivity, 
both human and non-human, to a wide range of influences. For example, ultrasound 
studies of human fetuses and experimental stimulation of sheep and rodent fetuses 
have demonstrated functional sensory systems that are responsive to chemicals and 
stimuli, and that they are capable of retaining information from those experiences 
to modify taste, odor, sound preferences, movements, and feeding behavior after 
birth (e.g., Lecanuet, Fifer, Krasnegor, & Smotherman, 1995; Robinson, 2005). 
Chorionicity differences have also been noted in older children in measures of 
personality and IQ (e.g., Sokol et al., 1995). 

Several limitations of the study make it challenging to interpret the extent of 
the genetic and chorionic contribution to the development of reaching. The pres-
ent data capture detailed real-time, week-by-week changes in control during the 
development of one skill in six infants. This case study method, while enabling us 
to document the temporal relations between distinct developmental achievements 
in individuals, severely limits generalizability. Moreover, these kinds of dense 
measures, although necessary for tracking the emergence of skilled behavior, make 
quantification and evaluation of global contributions difficult. Indeed, the influence 
of genetic factors on the kinematics was determined by two significant correlations 
(out of four) for each set of MZ twins, compared to only one for the DZ twins. 
Does one more correlation indicate a chorionicity effect? It is not clear. Thus, we 
propose taking the overall pattern of results as suggestive, rather than definitive, 
and we offer some potential implications which would require further testing.

Given the potential genetic contribution at the macro level, did we see genetics 
operating at the level of muscle activation? Simply put, no. Although the MZ-MC 
twins show many significant correlations in muscle co-activation, the MZ-DC 
twins do not. Indeed, the DZ twins show nearly as many significant correlations 
as the MZ-MC twins. These data suggest that the genetic contributions we saw in 
the kinematics may not operate at the level of the muscles. 

How to account for such seemingly paradoxical results? Reaching is a complex 
action which involves biomechanical, neural, and energetic elements. We know 
from the mass and body length data that the MZ twins had more similar body types 
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and growth rates, and presumably, similar muscle composition and metabolism. 
We can infer from our EMG data, however, that they had much more variability 
at the neural levels. This converges with the results of Chang et al. (2006), who 
report highly convergent patterns of joint rotations and foot placement in walking 
infants, but much more variability both individually and as a group on the EMG 
patterns. 

Given the many-to-one mapping from muscle patterns to movement (e.g., 
Bernstein, 1967), and the fact that the motor system exploits the mechanical prop-
erties of the limbs, we suspect that the pattern of muscle activation may well be 
the result of the biomechanical demands of the movement, rather than the cause. 
One implication of this is that the movement may be planned, not at the level of 
the muscle, but at the level of some higher-order movement variable. The ques-
tion becomes then, what is this higher-order movement variable? We suggest that 
the CNS works on the dynamic characteristics of the limb rather, where the CNS 
changes the response dynamics by changing the limb’s dynamic stiffness (e.g., 
Polit & Bizzi, 1978; Hogan et al., 1987). By this view, the CNS does not plan the 
trajectory, joint angles, or muscle activation in advance (e.g., Morasso, 1981; Hogan, 
1984; Soechting & Ross, 1984; Gottlieb, Corcos, & Agarwal, 1989). Instead, the 
CNS sets up initial conditions in the limb in relation to the position of the arm and 
the target, and the details of the time-space behavior of the hand and the joints 
naturally fall out.

How might genetics contribute to this process? Since it is unlikely that there 
is a “reaching gene” per se, the genetic influence may best be understood with a 
dynamic approach to behavioral genetics (e.g., Gottlieb, 2003; Johnston & Edwards, 
2002; Oyama, 2000). We propose that genes contribute to reaching through cascad-
ing effects into multiple levels. The shared genetics of the MZ twins may have led 
to constraints on neural development and physical characteristics like limb length, 
muscle mass, and metabolism. Because twins raised in the same household further 
shared nutrition and environments, it is possible that these factors together interacted 
to produce some general similarities in their bodies, which resulted in similarity 
in kinematics. The finding that the kinematic similarities decreased as a function 
of genetic similarity supports this conclusion. We saw stronger evidence for this 
in the mass and body length data of the MZ twins, who all showed significant cor-
relations between changes in mass and changes in straightness, compared to the 
DZ twins and unrelated infants, who did not.

But these factors did not produce similarities in underlying muscle co-acti-
vation. This suggests that while the MZ twins may have been more similar with 
respect to physical characteristics, the genetic similarities were not operating at the 
level of the muscles. Instead, we propose that infants’ control over their muscles 
emerged out of each infant’s own spontaneous movements. Recall that in Thelen 
et al.’s (1993; 1996) studies of four unrelated infants, each infant had characteris-
tic intrinsic dynamics, such as preferred postures, movements, and energy levels. 
Each infant then had to scale the control parameters of limb stiffness and energy 
to allow reaching to emerge from his own ongoing arm movements. Each infant 
had to then modulate his own movements to match the task (i.e., to obtain the toy). 
So too, presumably, with the twins, where each infant, despite similarities in some 
of the physical characteristics, still needed to assemble his own reaching skill, 
using whatever components he individually had available. All of the spontaneous  
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flapping movements and other pre-reaching arm movements used certain patterns 
of muscle co-activation, which then led to some patterns being preferred over 
others. This gradual process of movements influencing muscle activity, which then 
influences the kinds of movements performed, could lead to different preferred 
patterns in individual infants, despite genetic similarities. For example, it is pos-
sible that even the MZ-MC twins performed similar but individual spontaneous 
arm movements before reaching. Although there was certainly overlap in their 
preferred patterns of muscle co-activation later in the year, there was less overlap 
earlier in the year, suggesting that whatever those infants needed to do to match 
their ongoing movements to the task may have been different from each other. 
These differences should be magnified in the earlier part of the year, and indeed, 
there were fewer correlations in the EMG data in the earlier part of the year for 
nearly every combination of infants. 

The similarities between MZ twins reflected in the kinematic data thus support 
the idea that genetics influence the initial conditions in the limb (physical charac-
teristics of the body and brain) set up by the CNS. Genetic and neuroembryonic 
processes likely provide the rough outline of the neural anatomy, and from there, 
the functional mapping of the brain is experience-dependent. The present twin 
data suggest that anatomical, biomechanical, and energetic factors act as strong 
constraints on the inherent neural variability. 
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